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ABSTRACT
H e a s u r e n e n t a  of the total cross flection for electron 
detachment, cr.(E), are presented for low-energy (E <
300 eV) collisions of N a ' , K ' , and Cs' with atomic and 
molecular targets. For ma n y  of the atomic (rare-gas) 
targets, the energy d e p e n d e n c e  of p^(E) is striking: v i r ­
tually no detachment Is observed until relatively high 
collision energies (50 eV In the c e n t e r -o £-mass frame) ate 
reached, In c o n t r a d i s t i n c t i o n  to what has been observed 
for similar collisions Involving H". The onsets for 
alkali a n i o n  detachment are observed to be approximately 
equal to the thresholds for e x c i t a t i o n  observed in c o l l i ­
sions of neu tral alkali atoms with these same targets. The 
similarity between the dynamics of the neutral system and 
that of the negative ion system, together with the o b s e r ­
vation (at greater energies) of d e t a c h m e n t  accompanied by 
excitation of the alkali parent, suggests that electron 
detachment may be m e d i a t e d  by a t w o -e 1ectron process In 
some cases, A simple curve - crossing m e c h a n i s m  adequately 
reproduces the observed o a (E) for several of these rare- 
gas targe t s „
M e a s u r e m e n t s  of b o t h  «jb (E) and the cross section for 
charge t ransfer o l (E) ha v e  also b e e n  c o m p l e t e d  for H 2 , Dz , 
Nj , 0a , CO, C O j , S02 , N j O , CH, , and S F e targets. Electron
detachment Is the d o m i n a n t  process for all of these t a r ­
gets except 0 j T S02 , a n d  SF a , with thresholds on the order 
of a few eV, Structure in o,(E) for the C02 target has 
been a t t r i b u t e d  to charge transfer to a metastable state 
of C02 ' (2 Aj ) . Similarly, In the case of KjO, both t>9 ( E) 
and ^ ( E )  exhibit b e h a v i o r  which suggests that charge 
transfer to a temporary negative ion state of that 
molecule la Involved in the colllslcnal dynamics. Charge 
transfer is also o b served to be an Important exit channel 
for the o t h e r  molecules, with par t i c u l a r l y  large cross 
sections (> 100 A 2 ) for the 02 , S O a , and SF6 targets.
low-e ne rgy collisions o f a l k a l i-me t a l anions
CHAPTER I 
INTRODUCTION
The i m p o r t a n c e  of negative ions in physical and 
c h e m i c a l  p r o c e s s e s  is a direct consequence of their n a ­
tural abundance: most of the elements in the periodic
table, as well as i n n u m e r a b l y  many molecular compounds and 
radicals, form stable negative Ions (“anions"). These 
anions ate formed w h e n  an e l e c t r o n  becomes attached to a 
n e u t r a l  atom or m o l e c u l e ;  In the case of atomic systems, 
the b i n d i n g  energy of this “extra" electron Is equal to 
the total energy of the atom, minus the total energy of 
the n e g a t i v e  Ion. The “e l ectron a f f i n i t y ” (EA) of the 
at o m  is defined to be equal to this binding energy. In 
the case of m o l e c u l a r  anions, one makes a distinction 
b e t w e e n  the “v e r t i c a l ” EA (I.e., the energy difference 
b e t w e e n  the n e u t r a l  and Ionic states for a fixed geometry 
of the molecule) and the “ adiabatic" EA (the difference 
b e t w e e n  the m i n i m u m  e nergies of the two states). In all 
cases, a p o s i t i v e  e l e c t r o n  a f f i n i t y  corresponds to a bound 
( i . e . , stable) n e g a t i v e  ion: a negative value of the EA
i n d i c a t e s  the a b s e n c e  of a b o u n d  state. The electron 
a f f i n i t i e s  of s e l e c t e d  e l e m e n t s 1 are shown in Table 1.
2
3TABLE 1
Electron affinities of selected elements.
Element Electron a f f i n i ty feV)
H 0.754
LI 0 . 620
Na 0. 546
K 0. 501
Cs 0.472
Be < 0
MS < 0
B 0 . 2 8
A1 0,46
C 1.27
SI 1 . 39
0 1.46
F 3.40
Cl 3 . 62
Br 3 . 36
He < 0
Ne < 0
Ar < 0
Kr < 0
Xe < 0
4Negative Ions can be formed In a variety of colli' 
slonal processes, including attachment of a free electron,
e + X + Y - * X ' + Y ,  (1-1)
dissociative electron attachment to a molecule X Y ,
M  n  ■* K ’ + Y, ( 1 - 2 )
and charge exchange,
X + Y h- X ’ + Y * .  (1.3)
These anions can also be destroyed In the reverse r e a c ­
tions, such as collislonal electron detachment,
X ' + Y - ^ X  + Y +  e, (1,4)
asso c i a t i v e  detachment,
X' + Y -* XY + e , (1-5)
and ion-palr neutralization,
X' + Y + ■+ X + Y . (1.6)
Other processes which create or destroy negative Ians are 
di s c u s s e d  In several texts* * and review a r t i c l e s , 5 '6 
The local c o n c e n tration of negative ions plays a 
significant role for many natural processes. For i n ­
stance, the free electron density of the earth's lower 
Ionosphere is limited by the three-body attachment process
5Oj + Oj + e ■* Oj ' + Oj . (1,7)
Th e s e  0 2 Ions may then combine with atomic oxygen to form 
ozone via the associative detachment reaction
03 ' + 0 -* 0 3 + e . (1,8)
The free e l e c t r o n  density determines how well the I o n o ­
sphere can reflect radio waves back to earth, so reaction 
(1,7) was critical to world-wide radio transm1 a a 1 ons b e ­
fore the advent of satellite communications.7 The p r e ­
se n c e  of another negative ion, H ' , In the solar p h o t o ­
sphere affects the spectral distribution of light emitted 
by the Sun.® It was pointed out by Wildt® that H " , which 
has a low threshold (0.75 eV) for continuous absorption of 
radiation, must be p roduced by the conditions which are 
p r e v a l e n t  in the Sun's atmosphere. Thus, the study of 
n e g a t i v e  ions has ramifications In several areas of 
p h y s i c s .
There Is also a more practical aspect to the study of 
n e g a t i v e  Ions. One application of such work la In the 
d e v e l o p m e n t  of s u s tained-fusion devices such as Toksmaks.
It Is n e c e s s a r y  to heat the plasma In order to replace the 
e n e r g y  lost by radiation or by collisions with the wall of 
the c o n t a i n m e n t  vessel; the heat is provided by the 
k i n e t i c  energy of h i g h - velocity neutral particles, which 
can p e n e t r a t e  the magnetic field used to contain the 
plasma. One method of generating the intense, energetic
6beans required by such schemes Is to accelerate a eharged- 
partlcle bean to high energies and subsequently to n e u ­
tralise the beam via charge - exchange reactions. The cross 
section for charge neut r a l i z a t i o n  of positive Ions d e - 
cre ases at high k i n e t i c  energies; however, negative ions 
can be efficiently n e u t r a l i z e d  by electron detachment 
[eqn . (1.4)] even at high collision energies. N e u t r a l i ­
zation efficiencies as high as 60% can be obtained for H~ 
at energies in excess of 150 k e V , lS Thus, there is c u r ­
rently a great deal of interest both In the development of 
neg a t i v e - I o n  s o u r c e s 11 and in the study of the electron 
detachment p r o c e s s . 12 The present work, which is a study 
of collisional p r o c e s s e s  Involving the alkali-metal 
anions, Is e s p e c i a l l y  relevant to the design of Ion 
sources which p r o d u c e  H~ in a cesium p l a s m a , 11
Another p r a c t i c a l  application of the study of n e g a ­
tive Ions Is In the development of coal-fired magneto- 
hydrodynamic (MHD) convertors, where the con d u c t i v i t y  of 
the plasma depends on the concentration of negative I o n s . 3 
MHD generator designs currently use fuels which are seeded 
wi t h  alkali s a l t s , 17 so the alkall-metal anions may play a 
role In these devices,
Thus, the c h a r a c t e r i z a t i o n  of negative ions (and of 
the processes w h i c h  involve them) has both theoretical and 
practical applications, In recent years, there have been 
n u merous studies of collisions of atomic negative Ions 
with atomic and m o l e c u l a r  targets, A great deal of stten-
7t i o n S , B 'I 6 i * has been focused on the dynamics of the mo s t
elementary negative Ion, H", Electron detachment (eqn .
(1.4)] of H' and D" by rare gases has been successfully
2 € ~ 2 2
d e s cribed with a number of theoretical models. These
models are relevant for collision energies below 1 keV and 
have described the observed Isotope e f f e c t s . 10 13 The 
success of these models indicates that the detachment of 
H~ by rare-gas targets is understood, at least for low 
co l lision energies.
A logical extension of the work which has been c o m ­
pleted for H* Is to study the al k a 11 - meta 1 anions (which 
will be denoted as M~). These ions are similar to H" in 
that both of their outer-most electrons are in s - o r b i t a l * . 
Very few studies of electron detachment or other colli- 
slonal processes have been made for the M~. In the case 
of mo l e c u l a r  targets, virtually no work has been reported 
for energetic c o l l i s i o n s .2 ^ Thus, the purpose of the work 
which is described in this dissertation is to try to 
characterize the collislonal dynamics of the a 1k a 11 - meta 1 
anions. This characterization will be based on m e a s u r e ­
ments of the absolute total cross sections for electron 
detachment (denoted by u,(E) ] and negative-lot production 
(denoted by o t ( E ) ] for N a ’ , K ‘ , and C a ‘ striking both 
atomic and molecular targets. The targets Include He, Ne, 
Ar, Kr, X e , H£ , D 2 , N 2 , 0 2 , CO, COj , S02 , 0, C H 4 , and
SF ( ; the kinetic energy of the projectiles ranges from 5 eV 
to 300 eV, as measured In the laboratory frame of reference.
BIt will be shown In Chapter IV that, at least for the 
atonic targets, the colllslonal dynamics of the K' appears 
to be different from that of H" In this energy range. 
Therefore, the theories which have been developed to d e ­
scribe H* collisions are not pertinent to the following 
2 0 ~  2 3discussions. It suffices to mention here that those
theories are based on the premise that electron detachment 
occurs via an interaction between the bound state and the 
c o n t i n u u m  of states which represent the detachment c h a n ­
nel. It will be demonstrated In subsequent chapters that
the observed values of cj.(E) are adequately reproduced by
a simple model which la based on this premise; more c o m ­
pli c a t e d  theories are not needed to describe these colli- 
s i o n s .
The work which is presented In this dis s e r t a t i o n  was 
o r i g i n a l l y  reported in three publications:
1) D. Scott, U.S. Huq, R.L, Champion, and
L.D, Doversplke, Phys , Rev. A 144 (1985);
2) D, Scott, M.S. Huq, R.L, Champion, and
L.D. Doversplke, Phys, Rev. A ii. 170 (1986);
and
3) D . Scott, R.L. Champion, L.D. Doversplke, and
H.S, Huq, '‘Collisions of C s ' with atoms and
molecules", submitted to J, Phys, B (19S6).
9A brief description of the slkall-netfll anions will he 
g i v e n  in the next chapter, followed by a d i s c u s s i o n  of the 
exp e r i m e n t a l  apparatus and techniques In C h a p t e r  III. 
Mea s u r e m e n t s  of o b (E) for the atomic targets will be p r e ­
sented in Chapter IV, and data for the m o l e c u l a r  targets 
will be discussed in Chapter V. Finally, C h a p t e r  VI will 
summarize the conclusions which can be drawn from the r e ­
sults of these measurements.
CHAPTER II 
DESCRIPTION OF THE ALKALI-METAL ANIONS
Much of the current Interest in the a 1k a 1 1 - meta 1
2 5 * 2 ?
negative Ions is due to the growing r e a l ization that
these objects (and other atomic systems, as well) are not 
adequately described by conventional atonic theory, i.e. , 
the I nde p e tide nt - par t i c 1 e model of electronic structure. 
This model Is based on the app r o x i m a t i o n  that an e l e c ­
tron's Interaction with any particular e l e c t r o n  can be 
neglected, being much weaker than the interaction with the 
rest of the atom, In other words, each electron Is r e ­
garded as moving in the electric field p r o d u c e d  by the 
nuc leus and the average distribution of the other elec-
2 ft
trons. In this approximation, the electrons preserve
their Individual angular momenta, and for a given electron 
i the usual quantum numbers n t (the p r incipal quantum n u m ­
ber) and lt (the orhltal an g u l a r  momentum quantum number) 
are constants of Che motion. If, however, the mutual r e ­
pu lsion between the electrons Is significant whe n compared 
to the kinetic energy of the electrons, then the motions 
of the electrons will be correlated, and the lndependent- 
particle description will f a i l . S i 'SD
10
11
According to the i n d e p e n d e n t -partiele model, the H" 
are characterized an having all but two electrons in 
closed shells. The outer two electrons are s-like, 
yielding the following structures; N a ' ( 3 s 2 ), K*(6sa ), and 
Cs (6el ) . In this respect, the electronic structure of 
the M' closely resembles that of ^ ( l s 1 ). One might 
therefore naively speculate that the colllslonal dynamics 
of M" [as portrayed by measurements of ( E ) ] will be 
similar to that of H~ in some regime of collision energy.
The importance of electron corr e l a t i o n  effects in 
atomic systems was demonstrated by H a d d e n  and C o d l i n g ’s 
1963 spectroscopic observation of the full series of
3 1 3 2
doubly -exc ited 1P° levels of helium. ' According to
the Independent-particle picture, the 2snp and 2pns
configurations of He are nearly degenerate in energy,33
Therefore both configurations were e x p e c t e d  to contribute
equally to He photoabsorption in the 60 to 65 eV range,
yielding two series of spectral lines of comparable
intensity. Instead, a single intense series was observed
to be intercalated by a faint series. This spectrum was 
3 3interpreted to be a result of the superposition of !snp 
and 2pns configurations, leading to symmetric and a n t i ­
symmetric radial motions (I.e., radial correlation) of the 
two electrons,
Correlation effects have also been observed in t h r e s ­
hold studies of e 1ectron-impact ionization of helium: in
1976, Cvejanovlc and Read3 * tested Wannier's threshold
l a w 31 by m e a s u r i n g  the relative yield of low - e n e r g y  (< 20
neV) electrons as a function of the k i n e t i c  energy of the
In cident electron. The o b s e r v e d  energy d e p e n d e n c e  above
t h r e s h o l d  was exactly that p r e d i c t e d  by U annler In 1933.
A sharp decrease In the yield at e n e r g i e s  Just b e l o w  the
2 S
i o n i z a t i o n  threshold has be e n  I n t e r p r e t e d  as e v i d e n c e  o 
p r o n o u n c e d  energy sharing b e t w e e n  the electrons, The 
e x p e r i m e n t  also s h o w e d 34 that the i n c i d e n t  and e j e c t e d  
e l e c t r o n s  p r e f e r entially leave the He* in opposite 
directions, i m p l y i n g  a strong angular c o r r e l a t i o n  b e t w e e n  
the notions of the two electrons in the He + « s y s t e m
These results have s p a r k e d  a great deal of int e r e s t  
In the correlation p roblem for t w o - e l e c t r o n  systems.
F a n o 2 1 has r e viewed both exp e r i m e n t a l  an d  theoretical 
s tudies of the c o r r e l a t i o n  b e t w e e n  two e x c i t e d  electrons; 
R a n 1 1 has d i s c u s s e d  H a n n i e r 's theory, its extensions, and 
its relevance to descriptions of e I e c t r o n -e 1ectron i n t e r ­
a ctions and correlations. Ho s t  of the theoretical studle 
have dealt with He**. One of the i n t e r e s t i n g  r e s u l t s  of 
that work has been the r e c o g n i t i o n  that some of the intra
s h e l l  level s pacing! display a r i g l d - r o t o r - l i k e  spec- 
3 ? 5 I 3 fltrum. K e l l m a n  and H e r r i c k  were later able to
c l a s s i f y  the Intrashell p o r t i o n  of the He** s p e c t r u m  In 
terms of collective rotational and b e n d i n g  motion, a n a l o ­
gous to the r o -v i b r a t i o n a 1 m o t i o n  of triatomic molecules. 
Ez r a  and B e r r y * 0 investigated the I n t e r s h e l l  states of 
He** and determined that symmetric and i n t i - s y m m e t r i c
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modes are involved. An alternative scheme for classifying 
d o u b l y -excited states Is being developed by Liri. 1 0 ' 3 * ' * 1
Much of this theoretical effort has been based on the 
“hyperspher 1 ea 1" coordinates first used by V a n n l e r , 35 
utilizing the “a p p r o x l e s t e 1’ sep arability of the Schrb-
3 A 4 2
dinger equation for that choice of variables. If r f
and r: represent the distances from the nucleus to the two
excited electrons, the h y p e r s p h e r 1c a 1 coordinates are 
defined by
R “ (r,1 + i j l J1* (2.1)
and a  - ta n ' 1 (Tj/Tj). (2.2)
The angle subtended by the relative positions of the 
electrons is de noted by S .  The attractiveness of this
approach lies in the relative ease with which one can give
a qualitative description of the c o r r elation between the 
two electrons. This correlation can be either radial or 
angular in character; a strong dependence of the e l e c ­
tronic w a v e f u n c t l o n  on the value of a  Indicates a radial 
correlation, whereas a strong dependence on S Is associated 
with angular c o r r e l a t i o n . * 3
Recently, the h y p e r s p h e r 1ca 1 approach has been used 
to calculate w a v e f u n c t 1ons for the ground and excited
states of the alkaline earth at o m s * 3, ** as well as for the
2 d 4 5
ground state of the a 1k a 1 1 - m e t s 1 negative Ions. ‘ Like
He**, these atomic systems have two va lence electrons 
whose motions are highly correlated. In the case of the
14
alkaline earth atoms, calculations by Krause and Barry
Indicate a qualitative similarity between the ground
■»  ^3
S t a t e s  and the " Z s * ” doub ly - exc 11 e d s t a t e  of He. In
particular, these calculations show that for ground-state
alkaline earth atoms, there Is a high probability that the
valence electrons will be located on opposite sides of the
nucleus. Just as in the case of He**, low-lying excited
states of the alkaline earth atoms may be described by the
rotation and normal bending modes of a symmetric, linear,
trlatdtnlc m o l e c u l e , * 1 A similar result has been obtained
2 9
In the case of the a l k a l 1 -metal negative ions (M').
Calculations of the vavefunctions of the K~ indl- 
Z 8 4 )
cate that the valence electrons have very diffuse
orbitals. The most probable value*1 of the hyper-radius R 
[the “ size” of the ion. defined in eqn. (2.1)] is a p p r o x i ­
mately 3.2 A for L 1 ‘ , 3.7 A for N a ' , and 4.2 A for K",
whereas it is only about 1.6 A for H". The M' also exhibit 
strong angular correlation, leading to the collective b e ­
havior described in the preceding paragraph.
The electron affinities (Ea ) of the alka1 1 - meta 1 s are
4 H
accurately known from H* photodetachment experiments and 
are among the lowest EA's of all the elements which form 
negative Ions (see Table 1 In Chapter I),1 Mote that the 
a 1 k a 11 - meta 1 a have an EA of approximately 0.5 e V , and 
hydrogen has an EA of 0,75 eV, Since the “extra" electron 
is bound by roughly the same energy for both H~ and H~, it 
might be expected that the energetic thresholds for e l e c ­
1 5
tron detachment of M~ and H' will be nearly equal. H o w ­
ever, what will be shown in Chapter IV Is that the M' In 
fact have detachment thresholds which are substantially 
higher than that of H' (or any other atomic negative 
I o n ) . It will be proposed that these unusually high 
thresholds are a result of correlation effects, which are 
expected to affect the collIslonal dynamics primarily at 
low energies. First, a detailed description of the 
experimental apparatus and method will be given,
CHAPTER III 
EXPERIMENTAL APPARATUS AND METHOD
The total cross section me asuremants reported here 
have utilised an ion-beam, gas-target technique. Such 
techniques inevitably involve three components; an Ion 
source, a mass selector, and a collision chamber (where 
the actual measurements are m a d e ) . In the present 
apparatus, the beam channel which inter-connects these 
co mponents uses conventional electrostatic lens e l e m e n t s 47 
to focus the ion beam; a schematic diagram of the physical 
layout of this apparatus Is shown In Fig. 1, The entire 
apparatus Is enclosed in a vacuum vessel, in which the 
b a c k g r o u n d  pressure Is approximately 10'T Torr.
A . I o n  s o u r c e
From a technological viewpoint, the most difficult 
aspect of this study concerned the development of the 
negative ion source. A conventional slkall-metsl anion 
source (such as the one used by Andersen et a i . 48 to study 
detachment at higher energies) forms negative Ions from 
the positive ones by double charge exchange in a metal 
vapor c e l l . 41*'50 Up to 200 nA of can be generated in 
this m a n n e r . 11 However, that design la limited to
16
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m a s s  s e l e c t o r
M~ source~| [] D D
e l e c t r o s t a t i c  
l e n s e s
□  
l I
c o l l i s i o n  c h a m b e r
Figure 1: The phy*ical layout of the e x p e r imental a p p a ­
ratus. For the sake of clarity, the vacuum ve s s e l  is not 
shown. This diagram Is not drawn to scale.
1 B
producing beams with relatively high kinetic energy due to 
the fact that the double charge exchange cross section is 
appreciable only at tens of kilovolts. Slowing the beam 
down to energies on the order of 100 eV la not feasible, 
since phase space conservation dictates that most of the
5 2
flux will be lost in the process. Designs which use a
w duo - p 1 a Etna t r on " source to generate the positive i o n s 51 
have the additional flaw that the intrinsic energy spread 
of the resulting Ion beam is on the order of several e V ,
Ati alternative design has been developed by the 
present author for the specific purpose of generating low- 
energy (below 300 eV), mono-energetic beams of K~. The 
design is based on the observation of K' production by 
electrical discharges In potassium vapor at low pressures 
(0.01 - 0,3 T o r r ) , 1 3 131 in order to generate this vapor,
the source must operate at elevated temperatures. A f u r ­
ther design constraint is imposed by the fact that the 
temperature of the source is critical: Korchevol and 
H a k a r c h u k 55 studied the temperature dependence of ion p r o ­
duction in potassium discharges and determined that heating 
of the vapor's neutral component leads to a sharp r e d u c ­
tion in the production of the negative Ions. This t e m ­
perature dependence suggests that the K~ may be formed by 
dissociative electron detachment to the neutral dimers: as
the temperature increases, the dimer c oncentration 
decreases, leading to a reduction in the yield of negative 
Ions produced by dissociative attachment. The production
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of Ha' by d i s s o c i a t i v e  e l e c t r o n  a t t a c h m e n t  to N a 2 has In 
fact been o b s e r v e d . 51
Arc d i s c h a r g e  sources are capable of p r o d u c i n g  a 
v a r i e t y  of n e g a t i v e  Ions, and the ion be a m s  g e n e r a t e d  with 
this type of source are nearly m o n o -e n e r g e 1 1 c (energy 
s preads as small as 0,2 eV FVJHM have been observed). The 
hi g h  t e m p e r a t u r e  Ion source d e s c r i b e d  In the fo l l o w i n g  
p a r a g r a p h s  uses the same filament and e x t r a c t i o n  g e o ­
m e t r i e s  e m p l o y e d  in a p r e v i o u s  d i scharge source, which has 
a l r e a d y  b e e n  u s e d  to study e l e c t r o n  d e t a c h m e n t  of a host 
of n e g a t i v e  ions ,i? 60 I n c l u d i n g  H", 0 ~ t S', F", Cl', B r ’ ,
an d  I '.
The h i g h •t e o p e r a t u r e  Ion source used In the present 
e x p e r i m e n t s  is shown s c h e m a t i c a l l y  in Fig, 2. The basic 
o p e r a t i o n  of the source Is as follows: an a l k e l i - m e t a l
sample is p l a c e d  in the a t a i n l e s s -s t e e 1 ov e n  (a) and 
h e a t e d  to a s u i t a b l y  hi g h  temperature. The metal vapor 
p a s s e s  t h r o u g h  a s h u t - o f f  valve (b) and into the source 
c h a m b e r  (c). This s h u t - o f f  valve and the c o n n e c t i n g  l / h "  
d i a m e t e r  s t a i n l e s s  steel tubes are also h e a t e d  (to about 
300 ’C). In addition, the s t e l r l e s s - s t e e l  source chamber 
is h e a t e d  to a p p r o x i m a t e l y  350 *C in order to p revent the 
vapor from c o n d e n s i n g .  The heat is p r o v i d e d  by resistive 
elements, and the local temp e r a t u r e s  are m o n i t o r e d  at 
s e v e r a l  p o i n t s  by c h r o n e 1 - con s t a n t a n  t h e r m o couples. The 
ions are p r o d u c e d  In the electric d i s c h a r g e  which is 
s t r u c k  b e t w e e n  a hot f i l a m e n t  (d) and the cathode (f).
(e)
\
Figure 2: The a i k a 1i -m e t a 1 n e g a t i v e - ion source. The
important features are (a) the oven, (b) the shut-off 
valve, ( c )  the source chamber, (d) the hot filament, (e) 
the f 11 ament - asi«»bly flange, (f) the cathode, and (g) th 
extraction electrode. This diagram Is not dr a w n  to scale
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The filament is mounted on a h i g h - c u r r e n t , h i g h -t e n p e r a - 
tuie vacuum feed-through wh i c h  bolts to a flange (e) at 
the end of the source chamber. Once the source conditions 
(temperature and arc current) are satisfactory, most of 
the Ions produced will form near the cathode and therefore 
will form at well-defined energy. These Ions are e x t r a c ­
ted through a small (0 . 1 cm) hole In the cathode by an 
electrode (g>. The gap between the cathode and this 
extraction electrode is about 0 . 6  cm.
The oven (a) is cylindrical In shape (3.8 cm d i a ­
meter) and is 7.6 cm long. It has an enclosed volume of
a pproximately 7.7 ml and can be filled by removing a
flange which is located at one end. Three heaters (manu­
factured by Hotvatt) are mou nted inside the oven wall; the 
oven temperature Is regulated by s controller whose f e e d ­
back element is a thermocouple mou nted to the side of the 
oven. The oven is connected to the source chamber by a 
shut-off valve (b) so that the filament in the chamber may 
be replaced without exposing the alk ali-metal sample to 
air. This valve (Nupro SS-4H-TH3) is made of 316 s t a i n ­
less steel (the bellows are made of 321 stainless steel) 
and features all-welded construction, enabling it to be 
h eated to temperatures as high ss 430 *C, Incl uding this 
valve, the total length of the tubing which connects the 
oven to the source chamber is approximately 15 cm. The 
source chamber (c) is an integral part of the 6.4 cm d i a ­
meter stainless steel pipe which provides the vacuum
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e n v e l o p e  for the e x t r a c t i o n  lens stack: the fllasetit-
a s s e m b l y  flange (e) la w e l d e d  to one end of the pipe, and 
the c a t h o d e  (which defines the other end of the chamber)
Is s c r e w e d  to e steel ring w h i c h  has b e e n  press-fit Inside 
the pipe. The e f f e c t i v e  length of the c h a m b e r  is approxl ■ 
n a t e l y  5 cm. The t e m p e r a t u r e s  of the c h a m b e r  (c) and the 
va lve a s s e m b l y  (b) can be a d j u s t e d  b y  reg u l a t i n g  the 
amount of power c o n s u m e d  by the heaters w h i c h  are clamped 
to these units. The entire source is w r a p p e d  In ceramic 
wool Insulation,
For the stable o p e r a t i o n  of this source, It Is n e c e s ­
sary to ge n e r a t e  a s u f f i c i e n t l y  high p r e s s u r e  of alkali- 
metal v a p o r  while m a i n t a i n i n g  a low arc current between 
the f i l a m e n t  (d) and the c a t h o d e  <f). It la also n e c e s ­
sary to ke e p  the e x t r a c t i o n  v oltage low (100 V) in order 
to p r e v e n t  a r c i n g  b e t w e e n  the cathode (f) and the e x t r a c ­
tion e l e c t r o d e  (g). T ypical oven t e m p e r a t u r e s  are 300 ‘C 
for sodium, 250 *C for potassium, and 230 *C for cesium.
The b a c k g r o u n d  p r e s s u r e  ne a r  the source is usually lower 
than 5 x L 0 “ T Torr.
The p e r f o r m a n c e  of this source is adequate for these 
e x p e r i m e n t s :  t ypical masa - a n a 1 yced c u r r e n t s  produced are
0,11 nA of Na", 0,45 nA of K". and 0.5 n A  of Cs", The 
k i n e t i c  energy of these be a m s  (as m e a s u r e d  In the l a b o r a ­
tory r e f e r e n c e  frame) ranges from 300 eV down to 5 eV .
[The 300 eV up p e r  limit Is imposed by the ground isolation 
of the power supplies and the a s s o c i a t e d  wiring.] The
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energy width of these beams can be as lew as 0.2 eV and Is 
generally less than 1 eV,
It has been observed that this ion source produces 
anions with nasses c o r r e s p o n d i n g  to NtH' and KH'. During 
the first several hours of operation, the hydride Ions are 
more abundant than the desired alkali - metal anion, but the 
mass peak a s s o c i a t e d  with the h ydride diminishes with 
time. These hydrides are thought to result from reactions 
of the a I k a 1 1 -m e t a 1 s with water vapor p r e s e n t  in the 
source. In order to ensure that there are no undesired 
ions In the p rimary beam, a 90* d o u b l e - f o c u s i n g  sector 
magnet with a resolution of 1 % has been e mployed for mass 
analysis. The K~ and KH' mass peaks are clearly resolved; 
the observed cont a m i n a t i o n  of the K ’ p r i m a r y  beam by KH'
Is less than 1%. The Na' and Cs' beams are similarly 
pure. A mass analysis of the Cs' beam Is shown in 
Fig, 3, The a s ymmetry e vident in this Fi g u r e  Is most 
likely due to a slight m i s a l i g n m e n t  in the slits of the 
mass selector.
 Hass selector
Because more than one species of n e g a t i v e  Ion is 
produced in the source, mass analysis of the primary Ion 
beam is essential. A 90* sector magnet Is employed In the 
present apparatus; It is a dispersive element, deflecting 
from the beam those ions wh i c h  do not have the desired 
momentum. Since most of the Ions In the be a m  have nearly
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Figure 3: h  mass spectrum of the Cs* primary Ion beam.
The bea m current la shown (in arbitrary units) as a f u n c ■ 
tIon of the selected mass. Rote that this spectrum is 
consistent with that produced by the t r a n i m 1saion of mass 
133 part icles through a mass spectrometer which has a 
resolution of 1 %.
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the same k inetic energy, momentum selection 1b equivalent 
to m a s s  selection.
The atss a n a l y s e r  (see Fig. A) is composed of a metal 
tube with a 90* bend In its middle; the mean radius of 
c u r v a t u r e  Is a p p r o x i m a t e l y  8.5 cm, and the straight 
p o r t i o n s  of the tube are 17 cm long. This analyzer tube 
has an a p e r t u r e  at each end, and It sits between the pole 
faces of an e l e c t r o m a g n e t .  The pole gap Is approximately 
1 . 8  cm, and the pole faces have been designed to have a 
double - f o c u s i n g  effect of the ton b e a m , * 1 To a first 
a p p r o x i m a t i o n ,  the Ion trajectories are determined by the 
m a g n e t i c  field only In the region indicated In Fig. A.
Thus, the s t r a i g h t  portions of the analyzer act as drift 
r e g i o n s ,
The theory d e s c r i b i n g  the operation of this mass 
s e l e c t o r  is s t r a i g h t f o r w a r d .  Consider a particle of 
c h a r g e  q and mass m m o v i n g  with a velocity v through a 
h o m o g e n e o u s  field of m a g n e t i c  Induction B: if the field
li n e s  are p e r p e n d i c u l a r  to the direction of motion, then 
the s u b s e q u e n t  motion of the particle will describe a 
c i r c l e  of radius r, where the centripetal force mv2 /r is 
equal to the force qvB which is due to the interaction 
w i t h  the m a g n e t i c  field. Hence
i t
_ (ZffEj M  i ,
qB qB 1 ' *
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b e a m  t r a j e c t o r y  s e c t o r
 17 c m  H m a g n e t
. r r r r z t S ; - .I___________________________* ^  _ X  x It
m a s s  s e l e c t o r  
t u b e 8 . 5 / \  \ \ \ \crV '  \  -
e x i t  slit
17 cm
Figure 4: A scale d rawing of the mass selector. The mean 
radius of c u r v a t u r e  of the 90* bend Is 6,5 cm. The coagne - 
tic field In the b e n d i n g  region is directed into the page.
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where E is the kinetic energy of the particle in the m a g ­
netic field. In practice, E is determined by the electric 
potential of the analyzer housing, measured with respect 
to the ion source cathode. The energy of the beam is 
always 150 eV as It passes through the analyzer, r e g a r d ­
less of its final value as the beam enters the collision 
region. The strength of the magnetic field is adjusted so 
that the trajectories of the desired ions have a radius of
curvature r„ — fl.5 cm. Thus, ISO eV ions of the desired 0 p
mass which enter the magnetic field along the trajectory 
shown in Fig. 4  will be transmitted. The other ions will 
be deflected out of the beam.
The actual trajectories taken by the particles will 
depend on the m o mentum spread of the primary beam. Thus, 
for a given value of B, the change in radius resulting 
from a change in energy is given by
tr - ft *« * ft ,E <3-2>
which leads to the relation
Here dr represents the ma x i m u m  deviation from r& , the 
nominal value of r; the worst-case mass resolution A w / m  of 
the analyzer is therefore given by
Am „ I2Ar 
m r^ “  I <3-4)
where 2aE is equal to the intrinsic energy spread of the 
ioit bean. Since the energy spread Is typically 1 eV 
(FWHM), the q u a n t i t y  AE/E - ±0.0033. The quantity Ar is 
d e t e r m i n e d  by the wi d t h  w of the a n a l y z e r ’s exit slit and 
by the length L of the drift space between this slit and 
the e f f e c t i v e  edge of the pole face. To a first-order 
a p p r o x i m s 1 1 o n f one neglects the effect of the magnetic 
field in this drift region, and the ions move recti- 
llnearly. The geometries of nominal and worst-cases 
t r a j e c t o r i e s  are shown in Fig. 5. In the limit of small 
Ar. it should be apparent that 0  » Ar/r, where 0  is the 
angle d e f i n e d  in Fig, 5. Thus
T aking r 0 - 8.5 cm, L — 17 cm, and w - 0.15 cm, it is 
clear that Ar «= 0.025 cm. Therefore (2Ar)/rD - 0.006, and 
the mass r e s o l u t i o n  pre d i c t e d  by eqn. (3.A) is a p p r o x i ­
mately 0.94.
The mass a n a l y 2 er Is calibrated by Introducing C H aCl 
Into the source In order to produce Cl" . The natural 
a b u n d a n c e  of 3 i Cl and 1 7 Cl (3:1) is reproduced in the 
relative h e i g h t s  of the mass peaks, providing an u n a m b i ­
guous c a l i b r a t i o n  of the analyzer. This calibration is 
used for the K" (mass 39) beam. F* (mass 19) produced
J - 0 ( b  + r) ^ “ (L + r) (3-5)
so that
(3.6)
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Figure 5: G e o m e t r i e s  of the nominal and worst-case t r a ­
jectories of particles which pass through the mass s e l e c ­
tor. The nominal radius of curvature in the bending 
region is r ^ ; the minimum acceptable radius of curvature 
is ro - i r , The value of Ar is determined by the width v of 
the exit slit and by the length L of the drift region.
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from C F 4 is used n  a reference for Ms' (mass 23), and 1 ' 
(mass 127) produced from CH 3 I is used as a reference for 
Cs' (mass 133).
C. Coll ision region
The collision chamber used In these experiments has 
been used previously to measure and o i (E) for a
variety of projectiles and targets. The major features 
(see Fig. 6 ) are (A) a small disk with a radius of 1.9 cm. 
(B) a cup of radius 3.6 cm and length 4.4 cm, and (C) a 
Faraday cup for m o n i t o r i n g  the Intensity of the primary 
beam; these parts are made of brass and are gold-plated.
In addition, there are three parallel, gold-plated 
tungsten-mesh grids spaced 0.4 cm apart. The primary ion 
bea m enters the collision region through a small (0.3 cm 
O.D.) gu ard ring which protrudes through a hole at the 
center of plate A. The purpose of this guard ring Is to 
prevent the primary ions from reaching plate A directly,
A slight bias (-0.2 V with respect to ground) is m a i n ­
tained to ensure that the products of the collision do not 
collect on the guard ring Itself. Elements A and B and 
grid 1 are maintained at ground potential, so all of the 
collisions take place at approximately the same energy.
Grids 11 and 111 are electrically connected and are used 
to provide a trap for the collision products.
The target gas Is admitted to the collision chamber 
through a 1/4" diameter tube. The flow rate Is determined
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Figure 6 : The collision region. The primary beam enters
the c h a m b e r  through the guard ring as shown.
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by a leak valve, and a shut-off valve la provided for 
quickly s t o p p i n g  the fLow of target gas into the chamber.
The electrons which are detached by these collisions 
are t rapped by a combination of electric and magnetic 
fields. An axial magne tic field (approximately 6 Gauss) 
is g e n e r a t e d  by a coll of wire w rapped around the c o l l i ­
sion chamber. This field confines the detached electrons 
In the radial direction. A potential difference of up to 
1 2  volts b e t w e e n  grids 1 and II provides a barrier to 
these r e l a t i v e l y  low-energy electrons, so that all of them 
eventually drift b a c k w a r d s  onto A. The cross section Is 
then d e t e r m i n e d  by m e a s u r i n g  the current flowing to plate 
A .
The fringe field of the mass analyzer magnet is s u f ­
ficiently strong in the region of the collision chamber to 
distort the axial magnetic field used to trap the detached 
electrons. Consequently, a pair of Helmholtz colls has 
been used to cancel the fringe fi e l d  in this region.
In the case of m o l ecular targets, negative ions may 
be p r o d u c e d  in these collisions. For e n d o t h e n i c  r e a c ­
tions, these product anions will generally have low 
kinetic energies. They will therefore be reflected by the 
electric field between grids I and II. However, these 
product Ions are relatively massive and therefore will not 
be c o n f i n e d  by the axial magnetic field [see eqn, (3.1)). 
Hence ionic products go to A as well as to B, For most 
systems, electron detachment is mu c h  more important than
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charge transfer (which produces negative lone). So In 
most cases, one nay ignore the con tea 1n a 1 1 on of the 
detachaent signal caused by ions reaching A, However, in 
systems where (>,(£) Is comparable to o t (E), this c o n t a m i ­
n ation must be taken into account. In situations where 
the fraction F of Ions reaching A is known or can be 
estimated, this effect can m i n i m i z e d * 7 by noting that
S  + Foi <3.7)
and o B - (1-F) o a (3.B)
where cA and o B are apparent cross sections calculated
from the currents flowing to A and B; o, and o 4 are the
“ true" cross sections. Consequently, one finds that
<3 -9)
and tJA - a B ^  ^ . (3.10)
Corrections for this contamination are necessary in the 
case of the 0 2 , S O j , and SFe targets only. With the 
obvious exception of the magnitude of tf . this treatment of 
the data in no way affects the observations made for those 
s y s t e m s .
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D. E x p e r i m e n tal method
Once a stable Ion beam has been produced, the kinetic 
e n e r g y  of the beam (which la essentially determined by the 
c a t h o d e  p o t e n t i a l )  is measured by a retardation technique: 
s t a r t i n g  at ground, the potential of grid II is made more 
n e g a t i v e  until the c urrent measured at C is one-half its 
initial value. The beam energy is taken to be equivalent 
to the p o t e n t i a l  on grid II. The full-width at half- 
m a x i m u m  (FVfHM) energy spread is determined by noting the 
p o t e n t i a l s  required to turn away one-quarter and three- 
q u a r t e r s  of the p rimary bean and taking the difference.
The c o l l i s i o n  energy as measured in the laboratory r e ­
ference frame (E ) is related to the relative collision
1 * b
e n e r g y  (E) in the c e n t e r -o f -mass (or “ relative” ) frame by 
the e q u a t i o n
E " (h p + « t] E lab O  U )
w h e r e  M r and M r are the masses of the projectile and 
target, r espectively.
The t r a n s m i s s i o n  factor of the primary beam through 
the three grids is determined by noting the current 
r e a c h i n g  F a r a d a y  cup C, then turning the beam away c o m ­
p l e t e l y  an d  m e a s u r i n g  the total current to elements A and 
B, The t r a n s m i s s i o n  factor is equal to the ratio of these 
currents. This factor was measured to be 77% for the N a ' 
a n d  K" expe r i m e n t s ;  it was equal to 6 8 % for the Cs"
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experiments (performed a year later). This change in the 
transmission factor la attributed to the surface chemistry 
which must have occured when the monolayers of sodium and 
potassium, d e p osited on the grids by the primary beam, 
were e x p o s e d  to air during the year of hiatus. During the 
experiments, the transmission factor was observed to have 
a constant value.
The r e t a r d i n g  potential on grids II and III Is set to 
be e q u i v a l e n t  to 6 % of the beam's energy, wi t h  a m a x i m u m  
of 12 volts. It has been determined that this ret a r d i n g  
potential Is sufficient to saturate the detachment 
signal. The axial magnetic field and Helmholtz coils are 
also a d j u s t e d  to saturate the electronic current to A.
The c u rrents to A and £ are m e asured with two 
Kelthley 616 digital e 1 a c t r o n e t e r s ; the primary beam 
current is m e a s u r e d  with a Kelthley 602 analog e l e c t r o ­
meter, A m e a s u r e m e n t  is nade by recording the b a c k g r o u n d  
signals wi t h  the collision chamber pumped out (the b a c k ­
ground p r e s s u r e  Is on the order of 10*T T o n )  , recording 
the primary beam current to C, then letting In the target 
gas (to a pr e s s u r e  of about 0.4 millltorr) and me a s u r i n g  
the c u rrents to A and B. The pressure of the gas sample 
Is m e a s u r e d  with an HKS Baratron capacitance manometer 
(type 145 BHS-1 head), which Is connected to Che col l i s i o n  
region by a small tube. The m e m b r a n e  of the manometer is 
mai n t a i n e d  at 322 *K , whereas the collision region Is at 
room tem p e r a t u r e  (300 *K); thus, the effect of effusion
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must be taken into a c c o u n t . 6 2 The number density n of 
scattering centers can be calculated from the apparent 
pressure F;
" - ~ t, I tcy» (312)
Here k Is Boltzmann's constant; T t and Tc are the tempera 
tures of the Baratron and the collision chamber, r e s p e c ­
tively. The geometric average in the denominator is the 
result of correcting for effusion. The cross section is 
then determined by the relation
- -ki) i-(1 - i t ) <3
where L is Che effective scattering path length (4,64 cm), 
ls denotes the measured current to either A or B , and I0 
is the primary beam current. The effective path length is 
taken to be the distance between the end of the guard ring 
and grid II. The signal I3 Includes a c o r r ection factor 
of 1 .0 2 ; this factor is meant to account for an estimated 
2% absorption of the detached electrons by grid I . The 
pri mary beam current I0 is determined by dividing the 
current reaching C by the previously - m e a s u r e d  transmission 
factor.
In order to measure the true cross sections, the 
pressure of the target gas must be low enough to ensure 
sIngle - col 11 sion conditions; the target pressure In these 
experiments was about 0.4 microns. Periodic checks were
made to ensure that the measured cross sections were In 
fact Indep endent of target gas pressure.
M o s t  of these measurements were made using a m i c r o ­
c o m p u t e r  to collect, record, and graphically display the 
da t a  .
 Error analysis
In order to estimate the absolute accuracy of the 
cross s ection measurements determined from eqn. (3,13), it 
is n e c e s s a r y  to examine the variation of the cross section 
S o  as a function of variations In n, L, I9 , and I0 :
“> - tn * ft "■ + S?7 “ • * ff7 “ • <3 l‘>
In the limit as 1H/ I 0 ■* 0, eqn. (3.1A) leads to the 
f o l l o w i n g  expression for the fractional error (fio/u) In 
the cross section measurements:
r L  I ,
M 1 - W  * I4}:)1 * R ) ‘ * R ) *  <’ ■»
Here the fractional errors associated with the scattering 
center number density, the scattering path length, the 
In c i d e n t  current of the primary beam, and the measured 
signal are added In quadrature, since these errors are 
u n c o r r e l a t e d  with each o t h e r ,*J Each of these errors will 
now be discussed.
The number density n of the target atoms is d e t e r ­
m i n e d  from eqn. (3,12) by measuring the pressure of the
3 B
target gas. An analysis of the uncertainties c o n t r ibuting 
to the fractional error An/ti reveals that
The error of the 145BHS-1 manometer head Is q u o t e d  by the 
m a n u f a c t u r e r  (MKS I n s t r u m e n t a , Inc.) as 0.1* In this 
p r e s s u r e  range. The Instrument was calibrated in 19 7 3 
against an oil nanometer at N A S A -L a n g 1e y ; the er r o r  at 
that tine was quoted as 51. The Baratron was re-callbra- 
ted in 1985 against a Rusks quartz pressure standard, and 
the u n c e r t a i n t y  In this pressure range was o b s e r v e d  to be 
0.2*. In fact, deviations from the standard were less 
than 0,5* for pressures up to I Torr. M e a s u r e m e n t s  made 
before the 19H5 calibration did not differ s i g n i f icantly 
from those made after the calibration, so it Is assumed 
that the earlier error estimate was too high. For these 
reasons, the fractional error of the pressure mea s u r e m e n t  
Is taken to be AP / P  — 1%, Since Boltzmann's c o nstant Is 
known to an a c curacy of several parts per m i llion, the 
error introduced by k is negligible. Other sources of 
error c o n t r i b u t i n g  to fin/n are the unc e r t a i n t i e s  a s s o c i a ­
ted with T B and Tc . The temperature of the B a r a t r o n  Is 
r e g u l a t e d  end has a nominal value of 322 *K. Information 
about the var i a t i o n  of this temperature is not available: 
for the purpose of this analysis, A T B Is taken to be 2 *K 
The temperature of the collision region is taken to be 
room temperature (nominally 300 * K ) . A rea s o n a b l e  e s t i ­
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mate of the maximum variation of the room's temperature is 
8 *K. Thus, the total fractional error gi ven by eqn. (3.16) 
is An/n - 1.7%. It should be no t e d  here that this analysis 
assumes a constant pressure throughout the collision region. 
Since the time need ed to pump all the scattering gas out 
of the collision chamber is ouch longer than the filling 
time, this assumption is reasonable. However, the l o c a l  
number density n may have an additional uncertainty due to 
the fact that the gas target is not static.
The scattering path length L is m e a s u r e d  to be 4,64 ± 
0.10 cm. Therefore, the factional error associated with L 
is 2 .1 %.
The accuracy of the 602 analog elec trometer used for 
m o n i t o r i n g  the primary beam current is claimed by Keithley 
to be 4%. There is also an error (estimated to be 0.3%) 
associated with reading the analog meter. The apparent 
beam current must be divided by the transmission factor of 
the grids is order to determine the actual current in the 
c o llision region, so this factor Intoduces an additional 
uncertainty in 10 , The average of five separate m e a s u r e ­
ments of the transmission factor yields a value of 67,6% 
with a standard deviation of 1.3%. Thus, the fractional 
error contributed by the transmission factor is 1.9%, 
giving A l o/ I 0 - 4.4% (in quadrature).
The quoted accuracy of the Keithley 616 digital 
electrometers (which are used to measure the signal c u r ­
rents) are 5%. The absorption of some of the detached
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electrons by grid I, estlneted* 5 to be 2 ± 2 % introduces 
an additional error In Ia . Thus, the accuracy of Is is 
d l B / I a - 5,4%.
According to eqn. (3.15), the error associated with 
these absolute total cross section measurements Is t h e r e ­
fore less than 6 %. In the case of those nolecular targets 
which have large cross sections for charge transfer, the 
unc e r t a i n t y  nay be larger due to the contamination of the 
detachment algnal by product Ions. This point was d i s ­
cussed in section C. All of these data are generally 
reproducible to within 5%, and periodic measurements of 
c a (E) made with the halogen anions used for mass c a l i b r a ­
tion (see section B) are always found to agree (within 5%) 
with previous data.
Aa discussed in section D, the nominal kinetic energy 
of the incident ions is measured in the laboratory by a 
r et a r d a t i o n  technique. This measurement is subject to 
errors associated with contact potentials; these errors 
are substantially larger than any instrumental error. A 
c areful analysis of the absolute calibration of the energy 
scale has been made by Smith et a I . 6S According to that 
analysis, the contact potentials shift the energy scale by 
app r o x i m a t e l y  0.12 eV ; thus a liberal estimate of the 
error associated with the energy measurements is 0.25 e V , 
When the collision energy Is converted to the center-of- 
mass reference frame, the absolute error In the energy
4 1
measurement is smaller by a factor which depends oti the 
masses of the pr ojectile and the target [see eqn. (3.11)].
CHAPTER IV 
ATOMIC TARGETS
In collisions of alkall-metal anions (denoted M ’ ) 
with rare gas atoms (denoted R.), the possible inelastic 
processes are
M~ + R - » H  + R + e (4.1)
M ' + R - M * + R + e  (4.2)
and M ' + R - * M  + R* + e (4.3)
where H* and R* represent excited states. Collisions 
which excite both the target and the projectile are rare 
at the collision energies of the present investigation. 
Note that all three exit channels represent electron d e ­
tachment, so that the observed cross section for d e t a c h ­
ment a u (E) is actually a sum of the cross sections for 
processes (4.1), (4.2), and (4.3). Although it appears
that there may be metastsble sta t e s * 6 , 67 of He" and A r T , 
the rare gases do not form stable negative ions. T h e r e ­
fore, the charge exchange reaction M' + R -• M + R' does 
not represent a possible final state in these collisions
A, Previous e x p e r i m e n tal studies
During the past decade, several exp erimental groups 
have studied collisions of neutral alka li-metal atoms with
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rare gas targets (see the recent review** by Andersen and 
Nielsen), but very little work has been devoted to similar 
Investigations Involving alkall-metal anion projectiles.
To be more specific, only a few experimental studies of 
electron detachment in H~+R collisions have been reported
fl i
In the literature. Dukel'skli and Zandberg performed 
experiments with K a ’ and K' as well as halogen anions in 
collisions with He and Ar for laboratory energies between 
300 and 1300 eV, The total cross sections for detachment 
of the halogen anions were found to be three to five times 
larger at a given energy than those of the M", BydinT& 
measured ff^(E) for Li", Na', K " , Rb " , and Cs' on rsre-gas 
targets in the 600 eV to 12 keV range; those results c o n ­
firm the relatively low detachment cross sections for the 
H - .
More recently, Andersen et a i r e p o r t e d  m e a s u r e ­
ments of o # {£) for LI", N a " , and K" for E/m ranging from 
0.5 to 100 keV/amu. Their results Indicate that for E/m > 
2 keV/amu, the cross sections for detachment by rare-gas 
targets are approximately the same as those of H~ when 
compared at the same collision velocity. They also d e t e r ­
mined that detachment accomp anied by excitation of the 
alkall-metal atom [process (4.2)] is an important channel, 
accounting for approximately 30% of the total detachment 
cross section (but only 20* in the case of Na'+Ne). Ac - 
companying excitation of the rare-gas target [process 
(4.3)] was also observed.
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Since the p r e s e n t  studies show that the dyn a m i c s  
g o v e r n i n g  H~+R col l i s i o n s  Is s i m i l a r  to that involved in 
c ollisions b e t w e e n  neutral a l k a l i - m e t a l  atoms and rare-gas 
targets, it Is a p p r o p r i a t e  to c o m m e n t  on w h a t  has b e e n  
observed for the n eutral systems. Studies of c o l l i s i o n s  
bet ween neutral Na and K atoms a n d  r a re-gas targets have 
focused on the c o l l l s l o n - i n d u c e d  f l o u r e s c e n c e  of the 
alkali-metal atom, For both pro j e c t i l e s ,  the m e a s u r e d  e x ­
citation cross s e c t i o n s  show a s i m i l a r  d e p e n d e n c e  on 
collision energy, Below 50 eV, the cross s e c t i o n s  for 
exc i t a t i o n  of the a l k a l i - m e t a l  atoms [ut { E )3 are found to 
be very small (< 0 , 0 1  A 2 ) and n e a r l y  c o n s t a n t ,7 1 ' 72 At a 
characteristic e n e r g y  (typically in the range 50 - 200 e V ) a
the m e a s u r e d  cross sections d i s p l a y  a s t r o n g  d e p e n d e n c e  on 
c o l l i s i o n  energy. The weak e x c i t a t i o n  at low c o l l i s i o n  
energies has been a t t r i b u t e d  to a r o t a t i o n a l  c o u p l i n g 71 
b etween the m o l e c u l a r  ground state and the lowest e x c i t e d  
2 n state (i.e., b e t w e e n  the 3$o and the 3pw orbitals in 
the case of Na+Ne). At higher c o l l i s i o n  energies, 
mea s u r e m e n t a  of cx (E) indicate that there are two other 
mechanisms Involved 7 ’ 'n  The first m e c h a n i s m  d o m i n a t e s  
the exc i t a t i o n  pr o c e s s  near 1 k e V  and is a t t r i b u t e d  to a 
m o l e c u l a r  c u r v e -c r o s s 1n g , The s e c o n d  m e c h a n i s m  is most 
efficient near 20 keV and is a p p a r e n t l y  due to the direct 
electrostatic int e r a c t i o n  b e t w e e n  the a l k a l i - m e t a l  va l e n c e  
e l e c t r o n  and the rare-gas atom. Studies of the lrapact- 
p a r a m e t e r  dep e n d e n c e  of N a ‘ (3p) e x c i t a t i o n  ha v e  s u p p o r t e d
b b
these e o n e l u a i o n e ,7 4 ' 7 * Further evidence in support of 
these node Is comes from the detailed calculations by 
Courbln-Ga u s s o r g u e s  at a I , 7 7 ' 7 B for the Na+Ne and Na+He 
s y s t e m s .
The M~+R systems studied in the present work seem 
naturally to belong to one of two categories, as d e t e r ­
mined by the energy dependence of the cross se ction for 
electron detachment. The first category Includes those 
systems which are characterized as having distinct t h r e s ­
holds for the onset of a detachment process with cross 
sections exceeding a few A 2 at the highest energies 
studied. The energy dependence of o B (E) for these systems 
suggests that detachment above this onset energy Is p r i ­
marily due to a c u r v e -c r o s s 1ng mechanism, The second 
category Includes systems for which o,<E) exhibits no d i s ­
tinct onset and remains small (< 0,5 A 2 ) throughout the 
energy range studied, Indicating an absence of a curve- 
crossing in this energy range.
B, Systems w h i ch exhibit a distinct threshold
Absolute total cross sections for electron detachment 
of H " , K ' , and Cs" by an argon target are shown in Fig, 7 
as a function of relative collision energy <E). The H"
7 9
data is taken from a paper by Champion et al. and has 
been Included in this figure for comparison wit h the H"
The striking feature of these measurements is that K~ and 
Cs' are extr emely stable against collislonal detachment
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Figure 7; Total cross sections for electron detachment of 
H' (triangles) , K' (open circles), and Cs' (filled c i r ­
cles) by Argon, A dashed line has been added to the H" 
data In order to guide the eye.
A 7
for r e lative collision e n e r g i e s  up to one h u n d r e d  times 
their e l e c t r o n  a f f i n i t y  { EA » 0.5 eV for b o t h  p o t a s s i u m  
and cesium}- In contrast, H " (which has an EA ~ 0.75 eV) 
is o b s e r v e d  to have an e n e r g e t i c  t h r e s h o l d  on the order of 
a few eV. At any given velocity, the va l u e  of the cr o s s  
s e c t i o n  for H' Is several times that for M"; thus the 
v e l o c i t y  scaling o b s e r v e d  by A n d e r s e n  et al.** does not 
hold at low energies. These d i f f e r e n c e s  s u g g e s t  that the 
col l l s i o n a l  dynamics of H ’ la u n l i k e  that of the H' In 
this energy regime; it seen* likely that the d i s s i m i l a r i t y  
can be exp l a i n e d  in terns of the e l e c t r o n  c o r r e l a t i o n  
d e s c r i b e d  In Chapter II.
M e a s u r e m e n t s  of o^CE) are shown In Fig. 8 for Na'+Ne.
As In the case of K'+Ar and Cs'+Ar, the o b s e r v e d  onset of
e l e c t r o n  det a c h m e n t  occurs at a r e l a t i v e l y  hi g h  energy
(near 50 e V } , and the m a g n i t u d e  of the cr o s s  section la
not very large (It ie only 1,3 A.2 near 150 eV). These
features are typical of l o w - e n e r g y  M'+R col l i s i o n s .  So
other atomic negative ions s t u d i e d  to date e x h i b i t  such
high energetic thresholds for e l e c t r o n  d e t a c h m e n t -  How-
7 1 7 2
ever, similarly high t h r e s h o l d s  have been o b s e r v e d
for e x c i t a t i o n  In c o l l i s i o n s  of neutral a l k a l i - m e t a l  atoms
with rare-gas targets:
M + R - H * + R  (4 . 4 )
K + R - H + R *  <A 5)
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Figure 8 : Total cross sections for electron detachment
are shown as a function of relative collision energy for 
the Na"+Ne system. The cross sections for excitation of 
Na(3p) (long - dashed line) and He* (short-dashed line) are 
also shown f o r  the case of Na + Ne collisions, as reported 
in Reference 7 2.
U 9
The cross sections for these processes ere shown In Fig. 8
7 1for the Na+N( system. There the shor t - d a s h e d  line r e ­
presents the cross section for excitation of the neon atom 
[to any level, as In eqn. (4.5)), and the long-dashed lire 
represents o (E), the cross section for e x c i t a t i o n  of the 
Na(3p) level [a specific case of eqn, (4.4)). Note that 
the energetic thresholds for these two processes are 
nearly Identical with the detachment threshold. This 
coincidence suggests that the colllslonal dynamics of the 
N a ’+Ne system may be similar to that of the neutral Na+Ne 
system.
Excitation In neutral Na + Ne collisions has been ex-
pl a i n e d * 7 by a curve-crojjlng mechanism; this e x p l a n a t i o n
is based on the premise that electronic transitions are
mediated In atomic collisions by crossings b etween the
diabatic potential energy curves which represent various
I 0
states of the q u a s i - m o l e c u l e . F 1&- ? depicts a crossing
(located at an lnternuclesr separation R a and a potential 
energy V J ) between two states of the hypo t h e t i c a l  system 
X+Y, In a collision between X and Y, the internuclear s e ­
paration decreases until the classical turning point is 
reached. If the turning point is at a smaller i n t e r ­
nuclear separation than , then the c r o s s i n g  is a c c e s ­
sible. At this crossing, the incoming ground state X+Y 
has the same energy as the excited state X ‘ + Y ; thus, there 
Is a possibility that the system will experience a t r a n s i ­
tion to the excited state. If a subsequent transition
E
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Figure 9: A crossing between the potential energy curves
which represent the X+Y end X*+Y states. The crossing is 
located at {RT .Vf ) as shown.
5 1
b a c k  Co the g r o u n d  state is not made as X and Y separate, 
then the r e a c t i o n  X + Y -* X* + Y [eqn. (4.*)] has o c c u r ­
red.
W i t h i n  thl* c u r v e -crosa 1ng picture, e l e c t r o n  d e t a c ­
hm e n t  can be d e s c r i b e d  by a simple model. This model 
a s s u m e s  that the t r a n s i t i o n  from a bo u n d  X ' + Y  state to the 
X+Y+e c o n t i n u u m  limit occurs at a c r o s s i n g  between the 
p o t e n t i a l  curves w h i c h  r e p r e s e n t  these two s t a t e s , * 1 (The 
limit of the X + Y + e  c o n t i n u u m  has a p o t e n t i a l  energy curve 
w h i c h  is i d e n t i c a l  to that of X+Y.) A second assumption 
of this model Is that the p r o b a b i l i t y  for detachment Is 
unity at this crossing. E q u i v a lently, the detachment 
p r o b a b i l i t y  P d (b,E) Is zero for impact p a r a m e t e r s  b > b x 
and is un i t y  for b < b B , where b a is the impact parameter 
for w h i c h  the c l a s s i c a l  t u r n i n g  point of the nuclear 
m o t i o n  Is R a :
b, - R a (l - V , / E ) H (4.6)
w h e r e  E is the r e l a t i v e  c o l l i s i o n  energy. The detachment 
cr o s s  s e c t i o n  Is d e t e r m i n e d 5 by i n t e g r a t i n g  the detachment 
p r o b a b i l i t y  over all Impact parameters:
o,{E) - 2w J*Pd ( b , E ) b db (4.7)
Thus, w i t h  this a s s u m p t i o n  ab o u t  Pd (b,E).
o.(E) - **.*(1 - V a /E> for t  > V, ]
[ ( 4 . B )
an d  u b (E) - 0 for £ < V B . J
52
Here V ( is the threshold for detachment, as Indicated In 
Fig. 9. Using exp r e s s i o n  (4.8), a two - p a rameter fit was 
made to the a (E) data for the Ha'+He s y s t e m . #I The best 
fit la shown In Fig. 10 as a solid line; the parameters 
determined by the fitting procedure are RK - 0 .8 i k  and 
V^-65.1 eV,
Although no cal c u l a t i o n s  for any of the molecular 
states of the M '+R systems studied here are available, 
much can be Inferred about these systems from what is 
understood about the c o r r e s p o n d i n g  collisions of neutral 
alkali-metal atoms with rare-gas atoms. U s i n g  the e l e c ­
tron promotion m o d e l * 3 of Barat and Llchten, Courbln- 
Gaussorgues e t  m l . 1 7 c a l c u l a t e d  diabatlc potentials for 
the neutral Na+Ne system and s u c c e s s f u l l y  e x p l a i n e d  the 
£^(£) data by c o n s i d e r i n g  the crossings b e t w e e n  those 
potential curves. A schematic potential energy diagram, 
which has been inferred In part from that work, Is shown 
in Fig 11 for the Na+Ne system. The m o lecular orbital
configurations are indicated for each state; these
designations are d erived from the o n e - e l e c t r o n  correlation 
d i a g r a m 33 which is o b t a i n e d  by applying the B a r a t -Lichten 
correlation rules to the separated- and u n l t e d - a t o m  limits 
of the q u a s i - m o l e c u l e . * 3 The dia g r a m  includes only those 
m o lecular states which are relevant to the present d i s ­
cussion. Calculations show that the crossing at B, which
is responsible for exc i t a t i o n  of both Na and Ne, Is at an
Internuclear separation of a p p r o x i m a t e l y  0 .8 B A and has an
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Figure 10: The result of fitting eqn. (4.8) to the
data for the Na'+Ne system Is shown as a solid line. The 
shaded regions Indicate the relative importance of the 
three detachment channels (see text).
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Figure 11: A s c h e m a t i c  r e p r e s e n t a t i o n  of the molecular
c o n f i g u r a t i o n  c o r r e l a t i o n  d i a g r a m  for the Na + Ne + e 
system. Only states relevant to the present discussion 
are s h o w n .
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energy of 64.9 «V {with respect to groumd-stete N a + N e ) ,
The Na(3p) level can be excited vi e  a second crossing at 
C. The o b s e r v e d  b r a n c h i n g  ratio at C y i e l d s 72 a p p r o x i ­
mately 60% Ne* and 40% Na*{3p) for energies b e l o w  a few 
hundred e V ,
If electron d e t a c h m e n t  Is to be explained by a curve- 
crossing mechanism, then the fact that the three processes 
depicted In Fig. B [I.e., d e t a c h m e n t  of Ha" by Ne, Nfl{3s)
+ Ne Na(3p) + Ne, and Na + He -+ Na -f Ne* ] have a p p r o x i ­
mately the same threshold energy suggests that the crossing 
responsible for detachment (with codr d i n a t e s  ( R 1 .V^) and 
denoted as A In Fig. 11] Is l o c a t e d  near B. This hypo* 
thesis Is supported by the o b s e r v a t i o n  that the calculated 
coordinates of B <0 . 8 8  A, 64.9 eV) are nearly equal to the 
values Rx — 0.84 A and V t-65,1 eV d e t e r m i n e d  by fitting 
eqn. (4,8) to the Na'+Ne det a c h m e n t  data. Thus it is 
proposed in Fig. 11 that in c o l l i s i o n s  of Na" with N e , the 
energy of the Incoming Na'+Ne state remains below the X 2 £* 
continuum of Na+Ne+e until the c r o s s i n g  A is reached. To 
summarLze, the positions of B and C are known from detailed 
calculations for the Na-tNe system, while the position of A 
Is estimated from the present m e a s u r e m e n t s  of
Simple electron detachment as outlined above involves 
a two- e l e c t r o n  process: r e f e r r i n g  to Fig, 11, one can see
that the transition at A c o r r e s p o n d s  to a simultaneous 
( ( 3 a a ) -»c on 1 1 nuum , (4 f o )-»(4po ) J transition. The crossing
at B involves ■ one e l e c t r o n  t r a n s i t i o n  [ (4p o ) -»(4 fp ) } ,
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which leave; the neutral products in their ground 
states. If the system survives the crossing at fi, then 
another two electron transition [ ( 4pa )-• (4f o ) , ( 3 so )-* ( 4 da ) ) 
may take place at C, leaving Na*(3p); surviving the 
crossing at C leaves Ne*(3s). This picture Is therefore 
compatible with the reported observation of both p r o j e c ­
tile and target excitation accompanying electron detsch- 
men t ,
An estimate of the relative Importance of the various 
detachment channels [e q n a , (4.1), (4.2), and (4.3)] can be
obtained from a comparison bet w e e n  the results of Kecklen- 
brauck at a l .72 and the present measurements. If the d e ­
tachment p r o b ability is Indeed large for b < b x and the 
electron detached from the Na' is not Involved in the s u b ­
sequent ha 1 f -e o 1 1 1 sion , then the cross section for the 
process N a ' ( 3 s 2 ) + Ne -* Na(3p) + Ne + e should be about 
tbe same as for Na(3s) + Ne -* Na{3p) + Ne. With this 
assumption, the b r a nching ratios for the three processes 
are Indicated in Fig. 10 where the shaded regions show the 
relative Importance of the three detachment channels. It 
appears that the b r a nching ratios are roughly Independent 
of energy, with detachment accompanied by projectile e x c i ­
tation [channel (4,2)] accounting for about 20% of the 
total cross section. Andersen at a!.** have reported that 
this same bra n c h i n g  ratio la also a constant 2 0 % in the 
relative energy range 1 0 - 1 0 0  k e V . If the proposed
br a n c h i n g  ratios for the detachment channels at low
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e n e r g i e s  are correct, then It la remarkable that the ratio 
for p rocess (4,2) 1 b energy-Independent over such a wide 
e nergy range.
E q u a t i o n  (4.8) can also be fit to o B (E) for K ' + A r ; 
the data are sh o w n  In Fig. 12 together with a line which 
represents the “b e s t ” fit, Corresponding values of arid 
V, are gi v e n  in Table 2. Four other H'+R systems c o n s i ­
dered here e xhibit features which are similar to those 
o b s e r v e d  for Na'+Ne and K'+Ar: these systems are K'+Kr,
K ‘+Xe , Cs'+Kr, and Cs' + Xe. Measurements of e t (E) for 
these a y s  ten are shown In Figs, 13 and 1 4 ( together with 
the r esults of fitting eqn. (4.6) to the data (see Table 
2 ) .
TABLE 2
R e c o v e r e d  values of R x and Vx for atomic targets.
r h (A) I n -  feV)
H a '+ Ne 0 . 84 65.1
K'+Ar 1 . 32 45.0
K'+Kr 1 . 36 50. 6
K ’+Xe 1.44 42.5
Cs ‘ + Rr 1 . 32 56 . 6
Cs +Xe 1 .49 64 . B
N a *+He 0.31 18.8
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Figure 12: Total cross sections for detachment In K'+Ar
(filled circles). The solid line is a fit to the data, 
and the da s h e d  line represents measurements of t r m (E) for 
the K'+Ne system.
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Figure 13: Total cross sections for detachment In K +Kr
(filled circles) and in K'+Xe (open circles). Solid lines 
represent fits to the data.
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Figure 14: Measurements of p ,(E) as a function of r e l a ­
tive c o l l i s i o n  energy are given in [a) for Cs'+Kr and in 
(b) for C s ‘+ X e . The lines are the results of fitting 
eqn. (4.8) to the data.
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Table 3 comperes the “ size** of these atomic targets 
w i t h  values of the c r o s s i n g  radius R a taken from Table 2. 
Here the "size" of the atom is rep r e s e n t e d  by the most 
probable radius of the outer electronic shell,** It is 
evident in Table 3 that R s is dependent on the size of the 
target; it is roughly equal to twice the radius of the 
target in the case of Ne, Ar , and K r ,
TABLE 3
Radius of target versus crossing radius R x ,
The projectile us e d  in estimating R x is shown in
parentheses .
TprfcfP Radius (Al Ex <A)
He 0 . 30 0.31 ( N a ' )
Ne 0 . 37 0.84 (Na ■ )
Ar 0.67 1.32 (K *)
Kr 0 , B6 1,36 (K*)„
1,32 (Cs ■ )
Measurements of a 9 (£) for Na'+He are p r e s e n t e d  in 
Fig. 15, The observed detachment th r e s h o l d  is substsn- 
tlaliy lower than those observed for the systems dis c u s s e d  
so far, In addition, the magnitude of the cross section 
remains quite small (under 0.2 A 2 ) in this energy range. 
The presence of a d istinct threshold suggests that these
0.3
UJ
0 10 20 30 40 50
E ( eV)
Figure 15: Total cross sections for detaclment In Na'+He
The solid line is a fit to the data.
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da t a  can also be described by eqn. (4.8); the solid line 
In Fig. 15 represents the •'beet" fit. The value of 
y ielded by this procedure is unreasonably small (compared 
to the other systems In Table 1), indicating that the 
assumption in eqn. (4.0) of unit detachment probability Is 
not a good approximation for this system.
C. Systems which exhibit no distinct threshold
Systems which fall Into this category tend to have 
relatively small (< 0.5 A 1 ) cross sections at these e n e r ­
gies. For comparison, a dashed line representing o,(E) 
for one of these systems (K'+He) is shown together with 
the K'+Ar data in Fig. 12, There Is not a distinct t h r e s ­
hold for detachment In the K'+Ne system, and the cross 
section at 100 eV Is an order of magnitude smaller than 
for the K'+Ar system. The lack of a distinct threshold 
signifies that a curve-croesing (or any other mechanism 
involving localized transitions) cannot be invoked to d e s ­
cribe the dynamics In this energy range.
Measurements of a f ( E )  are plotted in Figs. 16 18 as
a function of relative collision energy for the Na~+Ar, 
Na'+Kr, Na*+Xe, and K'+Ne systems. [Ho electron d e t a c h ­
ment could be observed In K'+He for E ^ 25 eV or in Cs'+He 
for E 5 9.3 e V ; these cross sections have an upper limit 
of 0.01 A * , For Cs'+Ke, no detachment was observed at E - 
36.2 eV, while o^(41.4 eV) - 0.06 A 2 .] As in the case of 
the Na'+Ne system, it Is again useful to compare the
(E
) 
(i
2)
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Figure 16: Total cross sections for d e t a c h m e n t  In N a ‘+Ar,
The dashed line Indicates the cross s e c t i o n  for Na(3p) 
excitation in Ha+At collisions, e s t i m a t e d  from R e ference
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Figure 17; Total cross sections for detachment In (a) 
Na'+Kr and (b) N a ‘+ X e . The dashed lines represent the 
total cross section for Na(3p) excitation in the c o r r e ­
sponding neutral collisions, estimated from Reference 72
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Figure 18: Total cross sections for detachment In K'+Ne.
The dashed line Indicates the total cross section for K(^p) 
excitation In K+Ne collisions, estimated from Reference 85.
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present meisurcoents of a4 (E) with the results of studies 
of the corresponding neutral systems.
The dashed line in Figs. L6 - 18 Indicate 0M (E), the
total cross section for excitation of the s 1 leal 1 - me ta 1 
atom [eqn, (4.4)] for the corresponding neutral systems. 
These curves have been estimated from data obtained by 
Hecklenbrauck at The energy dependence of oa (E)
la similar to that of o,(£) in that there is no distinct
threshold for projectile excitation. A further similarity 
between <7X (E) and a t (E) I s  that both remain small t h r o u g h ­
out the energy range studied in the present work. The 
small values for at energies which overlap those
used in the present studies, have been attributed to 
rotational coupling between the molecular states, as 
described In section A. Table 4 presents excitation cross 
sections for higher collision energies and Indicates that 
there Is, in fact, a threshold for the onset of a more
efficient excitation mechanism [as > 0.1 A * ] for each of
the systems listed. This onset has been explained within
7 1 7 2the curve-crossing framework. ' Thus, It is apparent
that the cross sections for alkall-metal excitation In 
neutral collisions remain small in Figs. 16 - IB simply
because the highest energies shown are not sufficient to 
access the crossing region. If relative collision 
energies up to 1 keV are considered, the (E) curves have 
the same fundamental shape for all of the Na + ft and K + R
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TABLE 4
Approximate cross sections (In k 3 ) for projectile excitation 
In neutral systems as a function of relative 
collision energy.
1
Sxatsm 1
i
20 eV 60 eV 100 eV 200 eV 500 eV
I
Na + Ar | < 0.01 < 0 . 0 2 0 . 1 0 , 6
1
Na+Kr | 0 . 01 0 .07 0 . 6
1
Na + Xe |
i
0 . 02 0 . 4
1
K + He | < 0.01 0.1 0 . 5 1 . 1 1 . 5
1
K + He | 
1
< 0 . 0 1 0 , 02 0 , 3 1 . 4
systems, suggesting that the colllslonal dynamics are 
similar for all of these neutral systems.
The previously noted similarity be t w e e n  the d e t a c h ­
ment process in Na*+Ne and the excitation process In Na+Ne 
might lead one to speculate about an abrupt Increase in 
c,(E) at higher collision energies for K'+Ne and Ha" on 
Ar , K r , and Xe . By analogy with the case of N a ' + N e , if 
there were a crossing b etween the Incoming M + R  state and 
the M*+R+e continuum, it wo u l d  be In the vicinity of the 
crossing which is Involved In the excitation process. 
Following this line of reasoning, the presence of this 
crossing would be revealed by the energy dependence of the 
o,(E) curve, with the onset occurring at about the same 
energy as for the Oj(E) curve. There is, in fact, some
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evidence for a sharp increase in o,(E) for the K'+He and 
Na'+Ar systems. Mea s u r e m e n t s  of o,(E) reported by 
Dukel'akil and Z a n d b e r g 0 * extend down to 60 eV (In the 
c e n t e r -o f -n a m  frame) for K'+He and 2B0 eV for Na'+Ar.
For the Na'+Ar system, their l o v e s t -energy measurement of 
o 9 yields a value which is nearly eight tines greater than 
the present h 1g h e s t -energy measurement. For K'+He, they 
report that o,(60 eV) — 0.6 A 2 , whereas for E < 25 eV, the 
upper limit for detachment has been placed at 0.01 k 2 by 
the present measurements. Although Dukel'skii and 
Z a ndberg quote a va l u e  of a 9 for Na'+He at 50 eV which is 
twice as large as that reported here, they present such 
relatively large cross sections for K*+He and Na'+Ar that 
those data may be regarded as an indication of onsets in 
oa (E>. If there are indeed curve crossings which result 
In enhanced detachment for the systems presented in this 
section, then they are clearly accessed by energies which 
are mu c h  higher than those considered In the present 
s t u d y ♦
IL Discuss ion
Returning to Figs. 7, 12, and 13. it is evident that
there is a detachment mechanism which Is operative at 
energies below . The values of a,(E) remain small but 
non-zero (er# = 0,02 A 1 ) down to 2 eV for R'+Ar (see Fig.
12). These small values of o 9 are not due to b a c k g r o u n d  
noise, since the m a x i m u m  noise level In this particular
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e x p e r i m e n t  corresponds to ct — 0.01 A 2 . F u r t h e r m o r e ,  the 
d e t a c h m e n t  signal Is not due to a b a c k g r o u n d  of a t m o s ­
pheric constituents (which ha v e  a p p r e c i a b l e  d e t a c h m e n t  
cross sections at these energies), since e l e c t r o n  d e t a c h ­
ment for the N a and 0 Z targets is s t r o n g l y  d e p e n d e n t  on E 
in this energy range. Thus, there is In fact some de t a c h  - 
nent w h i c h  occurs at low e n e r g i e s  In the K'+Ar s y s t e m  
Similar behavior of o, (E) la o bserved for Cs'+Ar and 
K'+Kr. The persistence of n o n - z e r o  cross sections for 
e n e r g i e s  well be l o w  the t h r e s h o l d  p r e d i c t e d  by aqn. (4.B) 
is rem i n i s c e n t  of the b e h a v i o r  depicted In Figs. 16 - IB.
Thus, It appears that the same det a c h m e n t  mechanism, one 
which does not involve localized transitions, ma y  be 
o p e r a t i v e  at low energies In all of the M " + R  collisions.
Th i s  observation suggests that the c o l l i s l o n a l  d y n a ­
mics at all energies may be the same for all of these M~+R 
systems. Electron det a c h m e n t  appears to be g o v e r n e d  by 
two d i s t i n c t  mechanisms. The first one is o p e r a t i v e  at 
low energies and yields cr o s s  sections w h i c h  are small 
(<0.5 A 2 ). The Independence from c o l l i s i o n  energy of 
these low energy “tails" s u g g e s t s  that this first m e c h a n i s m  
is a type of dynamical c o u p l i n g  between the n e g a t i v e  ion 
state and the ground state of the n eutral products; if 
these states are In fact d e s c r i b e d  by e n e r g y  curves such 
as those shown in Fig- 11, th e n  one w o u l d  expect some 
c o u p l i n g  between them even at energies well b e l o w  the 
crossing. The second m e c h a n i s m  Is p r o v i d e d  by the curve-
7 1
crossing and exhibits an onset at moderate energies (50 
200 e V ) , Features of both of these mechanisms are evident 
in the present measurements of o,(E) for the K'+Ar, K'+Kr, 
and Cs'+Ar systems. It Is noteworthy that a similar 
energy dependence has been observed in measurements of
7 1 7 2
ox (E) for the neutral systems and has been e x plained 
by Invoking tvo separate mechanisms for projectile e x c i ­
tation [eqn. (4.4)].
One of the most interesting results of the present 
experiments Is that, In the energy range investigated, 
values of o a (E) for M"+R are quite unlike those of H'+R,
7 9 D 4
Previous measurements of o t (E) for H'+R indicate
thresholds on the order of a few e V . Furthermore, values
s-
of o,(E < 50 eV) for H'+R are at least two orders of m a g ­
nitude greater than those for H'+R. These results suggest 
that, contrary to the Independent - p a r 1 1c 1e model, the H" 
are qualitatively different from H'. This difference most 
likely stems from electron correlation effects: as d i s ­
cussed in Chapter II, the elkall-metal anions exhibit 
strong angular correlation between the outer two e l e c ­
trons, whereas in H' the correlation Is primarily radial 
in character. It is reasonable to expect that the two- 
electron correlation will have a significant impact on the 
collisional dynamics in the low-energy regime; this point 
will be discussed futher in Chapter VI, Since correlation 
effects are most pronounced near energetic thresholds, it
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Is not s u r p r i s i n g  that A n d e r s e n  at al. * observe s i m i l a r i ­
ties in u, (E) b e t w e e n  H" an d  M ' at much higher e n ergies.
CHAPTER V 
MOLECULAR TARGETS
In a collision between the atomic negative ion M ' and 
a diatomic molecule XY In its ground vibrational level, 
electron detachment Is represented by the reaction
H* + XY -* M + X Y ( y J ) + e (5.1)
where K V ( w ' ) represents the final (possibly excited) v i ­
brational state of the molecule. Other possible exit 
channels Include charge transfer (CT),
H* + XY ■+ M + XY' {*' ) , (5.2)
dissociative charge transfer (DCT),
M' + XY -* H + X' + Y,
ion-molecule reaction,
H* + XY ■+ K X ' + Y,
and total fragmentation,
M + X Y - H + X + Y + e .  <5.5)
In the case of polyatomic molecules, vibrational e x c i t a ­
tion will generally involve all of the normal modes of
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(5.3)
(5.4)
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vibration, Including the bending nodes. It is possible 
for the products to b« left In e l e c t r o n i c a l l y  excited 
states. For some targets, reactions (5.1) and (5.3) occur 
via an Intermediate negative Lon state of the target;
H ‘ + XY -* H + X Y ' ( m ') -+ M + XY (v ' ' ) + e <5,6)
and H ‘ + XY - H + XY'(v') -* M + X ‘ + Y. (5.7)
Other processes nay occur; see the review by Champion and 
Dover s p i k e .17
The negative Lons which are p r o d u c e d  in these c o l l i ­
sions are collected primarily on element B (see Fig. 4 and 
the d e s c r i p t i o n  in section C of Chapter 111). A m e a s u r e ­
ment of the negative current flowing to this element Is 
used to determine o i (E), the total cross section for n e g a ­
tive Ion production. Since this apparatus cannot d i s t i n ­
guish b e t w e e n  negative ions of different mass, it Is not
possible experimentally to measure the cross section for a 
specific process other than detachment; o i (E) actually r e ­
presents the sum of the cross sections for processes (5.2), 
<5.3), and (5.4). However, It Is sometimes possible to 
rule out certain channels: for instance, if XY and HX do
not form stable negative ions, then o i (E) represents the 
cross section for D C T .
For targets which give ^ ( E )  » o,<E), the possible
contamination of the detachment signal due to negative 
ions reaching element A must be taken into account (see 
Chapter III), Fortunately, the only targets for which
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thla contanlnBtlon presents a problem are , S02 , and
SF# . The techniques us e d  to minimize this effect are 
described in the appropriate sections which follow; It 
should be emphasized that these techniques do not affect 
the conclusions which are drawn from that data,
The results of these measurements appear to be v i r ­
tually projectile - Independent;, i.e., the features of o # (E)
and o 1 (E) depend solely on the choice of m o l e c u l a r  target. 
For this reason, the experimental results will be c l a s s i ­
fied according to target.
A- E2 PlW. Pi
Measurements of o t (E) for Na' on Hj and D 2 are given 
in Fig. 19(a), As la clear in the figure, the cross s e c ­
tions are very small (< 1.4 A 2 ) over the entire energy 
range Investigated, contrary to what Is o b s e r v e d  for the 
other molecular targets. The cross sections presented in 
Fig. 19(a) are similar in shape and magnitude to the 
measurements of o 4 (E) obtained for the H'+R systems, 
especially H a ‘+Ne and K ‘+Ar, For those systems, o t (E) was 
we 11 -descrIbed by eqn. this same analysis can be
used in an attempt to describe the dynamics of electron 
detachment for the N a ' + H z and Na'+Dj systems. The results 
of fitting this model to the experimental da t a  are shown 
as lines In Fig, 19(a), and the values of V s and Ra are 
given in Table 5. The values of these parameters must be 
viewed as a result of averaging over all possible
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Figure 19: Measurements of are given in (a) for
collisions of Na' with H : (filled circles) and D 2 (open
circles). The lines (dashed for H a , solid for D 3 ) Indicate 
the results of fitting eqn. (4.8) to the data. C o r r e s p o n ­
ding values of a t (E) are shown in (b).
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TABLE 5
Nominal values of V x and R x for molecular targets.
Svstera B* tA> v x_ u
Na ' + « 2 0. 756 5 . 10
N a '+D j 0. 709 5 . 56
k _+ d 2 0 .794 9,95
Na ' + N 2 1 .24 4 , 50
K +N 2 1 . 84 2.15
Ce -+N 2 2 , 20 3 . 55
Ma'+CO 1 .60 3.76
K ' + C 0 1 . 84 2 . 55
C s '+C0 2 . 12 2 . 58
N a + C H 4 1,33 12 . 3
K ' + C H 4 1,64 11 . 4
Cs + C h 4 1.62 9.47
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orientations of the target n o U c u l e ,  and it la to be 
expected that the observed <?a (E) does not exhibit as 
distinct a threshold as predicted by the nodal.
In the case of molecular targets, the aodel which 
leads to e q n . (4,8) has acme obvious limitations. In par-
t i c u l s r , the Interaction between the projectile and the 
target is actually governed by potential s u r f a c e s  rather 
than potential curves, and the recovered values of the 
parameters V x and R x must be v i e w e d  as a v e r a g e s  over angle 
and X' Y  separation. In addition, the mass of the p r o j e c ­
tile does not appear In eqn, (4.6), so the model is only 
an approximate representation for systems w h i c h  exhibit 
Isotope effects.
The Na"+Hz (Da ) systems are examples w h e r e  substantial 
isotope effects (about 151) are observed In the detachment 
channel; specifically, the system with the h i g h e r  c o l l i ­
sion velocity exhibits the larger detachment cross section 
over the entire energy range studied, This behavior s u g ­
gests that electron detachment occurs via a "dynamic 
coupling" of the negative ion state to the continuum of 
free electron states. It is clear that the values of R.x 
recovered from the eqn, (4.8) represent lower limits to 
the distance at which the anion and neutral potentials 
coincide. It is nonetheless useful to c ompare the results 
of this fit to theory.
Botschwlna at al,** have performed ab initio c a l c u l a ­
tions of the potential energy surfaces for the four lowest
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electronic states of Na + H z . They find that for C JV 
symmetry with H 2 at Its equilibrium s e p a r a t i o n  (Q.74 A), 
the potential energy of the ground electronic state Is 
Approximately 2,4 eV for a Ha - H 2 distance of R «= 1.5 
A. This energy rises to about 3.4 eV for R = 1.4 A. Based 
on a linear e x t r a p olation of those results, the value V ? -
5,1 eV recovered from the present data suggests that the 
anion and neutral surfaces may coincide near R « 1 . 2 A, 
indicating that eqn, (4.6) considerably underestimates 
Ra . This result Is expected, since the assumption In
(4.8) of unit probability for transition is clearly 
inappropriate for dynamical coupling.
Fig. 19(b) shows the values of o 1 (E) for the N a ' + H 2 (D2 ) 
systems. As for o a (E), a substantial isotope effect Is 
observed In o t (E), where the Hj target gives the larger 
cross section. It la not known whether these negative 
Ions are products of an lon-molecule reaction (Na~ + H 2 -*
HaH + H ' p which is related to eqn. (5,4)] or DCT (eqn. 
(5.3)].
The measurements of o t (E) and t^CE) for collisions of
K" with H 2 and Dj are given In F i g .  20. These data are
qualitatively similar to those observed for Na' on H 2 and 
t>2 . The result of fitting eqn. (4.8) to the K' + D ; data is
shown as a line In Fig. 2 0 ( a ) , and the values of and
are given in Table 5. Ho fitting can be done for the 
K ~ + H 2 system since It Is not possible to attain
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Figure 20: Measurements of o^(E) are given In (a) for
collisions of K' with H 2 (filled circles) and (open
circles). The line Indicates the result of fitting eqn.
(4,8) to the data for K'+Dj. Corresponding SBasurements of 
t?1 (E) are shown In (b).
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sufficiently high relative energies with the p r e s e n t  
app a r a t u s ,
Measurements of rr# {E) for C s ' + D a col l i s i o n s  are shown 
In Fig, 21(a). The shape of o B (E) is Identical to that 
for the Na' and K' projectiles but near 9 . 2  *V the 
relative magnitudes of a 9 <E) for C s ", K", and N a ’ are
approximately 2:1;4. The energetic threshold for 
detachment of C s ’ is approximately 5 eV, roughly an order 
of magnitude smaller than for the rare gas targets. The 
shape of cr i ( E )  [shown In Fig. 21(b)} la similar to that of 
( E ) .
iL and CO
Measurements of o B (E) for collisions of Na' and K~ 
with Nj are shown In Fig. 22 along with the r e s u l t s  of 
fitting eqn. (4.8) to the data. It la inte r e s t i n g  to note 
from the r e c overed parameters (see Table 5) that Che 
detachment threshold energy, V s , for K ’+N^ Is n e a r l y  equal 
to 2,12 e V , which Is Just the e n d o erglcity for the K" + N 2 
-*■ K*(4p) + N a (h^"0) + e channel. Similarly, studies of 
alkali excitation in collisions of neutral p o t a s s i u m  with 
N 2 Indicate* f that the observed t h r e s h o l d  for ffj (£) is 
also equal to the endoerglcity of the K 4 Na -* K* (4p) +
N 2 (Af-0 ) process. It will be d e m o n s t r a t e d  that this same 
correspondence exists b e t w e e n  the threshold of <*,(E) in 
K'+CO collisions and that of P a (E) in the K+CO system-
B 2
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Figure 21: Measurements of (a) o.(E) and (b) t t E ) are
presented as a function of relative collision energy for 
the Cs'+D; system.
Q O O O O O  Q Q f i  O--Q-Q— O — Q
0 75 150
E ( e V )
Figure 22: Total cross sections for electron detachment of
K~ (filled circles) and Na~ (open circles) by N 2 are 
shown. The lines (dotted for K~ , solid for Na~ ) Indicate 
the r esults of f itting eqn. (4.8) to the data.
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The total cross sections for detachment In the Na'+CO 
and K'+CO systems are shown in Fig. 2 1. Note that o t (E) 
does not reach a plateau in this energy range, so the 
simple model us e d  above cannot reproduce the experimental 
results. However, It is possible to make an estimate of 
the threshold for detachment by fitting (4,B) to the data 
for E < 30 eV; the results are indicated by the lines in 
Fig . 23. The fit was repeated using only those data for E
< 2 0  eV, and the resulting values of and V x (given In
Ta b l e  5) do not differ s i g n i f icantly {< 0,5%) from the 
first fit.
As In the case of K ' + H j , the o bserved value of V, for 
K'+CO Is almost e xactly equal to the e lectron affinity of 
potassium (0.5 eV) plus the threshold for e*(E) obs e r v e d ® 9 
In neutral K+CO collisions (2.1 e V ) . A l t h o u g h  there is no 
provision In the expe r i m e n t a l  apparatus for directly o b ­
serving the p r o d u c t i o n  of K * , these values of suggest
that excited states of K may play a significant role in 
the electron d e t a c h m e n t  process for the K' + W 2 and K'+CO 
systems. A similar proposal was made in Chapter IV, where 
It was s u g gested that d e t a c h m e n t  in the Na'+Ne system 
occurs via an e x c i t e d  state of Ne .
It must be reiterated that the foregoing discussion 
represents a crude d e s c r i p t i o n  of the dynamics for K ' + N ; 
collisions: calc u l a t i o n s  of the N a + N 2 potential
9 Q
surfaces Indicate that in neutral collisions with 
molecular targets, the e x c i t a t i o n  of the alkali atom Is
85
150
(eV)
Figure 23: Total cross sections for electron detachment of 
K' (filled circles) and Na' (open circles) by CO are 
shown. The lines (dotted for K', solid for Ha') Indicate 
the results of fitting eqn. (A.8 ) to the data for collision 
energies less than 20 e V ,
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mediated by an avoided crossing, contrary to earlier 
0 Lexplanations whLch typically Invoked successive transi­
tions via curve crossings (i.e., so-called “ internal 
reflection" ) . Nonetheless, if localized transitions occur 
at avoided crossings, then eqn. (4 .8 ) should give the 
approximate energy of the avoided crossing; moreover, It 
Is evident that the simple model applied here gives a good 
fit to the data.
Re turning to the results of studies of o, (E) In neu-
6 0tral systems, Keoptar e£ ai, determined the thresholds 
for excitation of Na(3p) In collisions with N 2 and CO to 
be 2.1 eV and 2.4 eV, respectively. Based on what has 
already been noted about the K' projectile, one might 
therefore predict the thresholds for detachment of Ha" by 
K 2 and CO to equal 2.6 eV and 2.9 eV, respectively. R e ­
ferring to Table 5, it is evident that values of Vt for 
the N a " + N a and Na'+CO systems are significantly greater 
than expected. Thus it appears that there may be a barrier 
for the detachment of Na' by N a and CO.
Equation {4.BJ also reproduces the observed values of 
o,(E) for the Cs'+N 2 and Cs'+CO systems, as shown In 
Fig. 24. In the case of the C s " projectile, the estimated 
detachment thresholds given In Table 5 are significantly 
greater than the threshold for electron detachment accom­
panied by excitation of the alkali atom (1.9 eV)
It la interesting to note that for collision energies 
greater than 25 eV, values of o,(E) for the K'+Na and
e ?
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Figure 24: M e a s u r e m e n t s  of p .(E) are given as a function
of relative c o l l i s i o n  energy for (a) Cs'+Nj and (b) C s + C O  
The lines are the results of fitting e q n , (4,6) to the
data.
K'+CO i y s t « m  are roughly equal, whereas in the sane 
e nergy range values of o a (E) for Na'+Nj are approximately 
half those for Na"+CO. In the case of the C>' projectile 
the plateau value of o,(E) Is approximately the sane (14 
} for both targets,
Total cross sections for DCT [eqn. (5.3)) have been 
m e a s u r e d  for the CO target; these measurements are p r e ­
sented as a function of relative collision energy In 
Fig. 25, The values of these cross sections remain r e l a ­
tively small [compared to o.(E)] up to the highest e n e r ­
gies studied.
 £*
Traditionally, there has been substantial interest 1 
the use of oxygen as a target for beam experiments, p r i ­
marily due to Its relevance to atmospheric processes. 
Consequently, it is not surprising that a large number of 
studies which involve M + 0 a collisions have been reported. 
The product channels studied thus far include ion-palr 
formation, collisional excitation of the alkali-metal 
a t o m , * * ' * 1 and vlbronlc excitation of the
fi 2 e i 4 4 - a G B } - 1 0 1
molecule. Both relative and absolute
cross sections for ionization and lon-palr formation have 
been reported. Far from conclusive, these data are 
indicative of the pronounced discrepancies which exist In 
the literature. For instance, the reported values of the 
absolute cross section for ionization of K, p d + (E), dlffe
S 9
OJ
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U J
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50
E ( e V )
F i g u r e  25: Measurements of Pj(E) are shown for Na' (filled
circles), K~ {open circles), and C a ' (triangles) In c o l l i ­
sions with a CO target. Lines have been added to guide the 
eye .
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by several orders of magnitude at energies near
threshold. At 9 e V , Houtinho at a 1 . *' s e n u r e  the cross
section to be tpproxisately 4 A* , whereas C u d e r m a n 1°°
reports a value of about 0.006 A * . Furthermore, the
energy dependence of o 0 + (E) (for E ra n g i n g  from 100 to 800
eV) observed by Bydln and B u k h t e e v 101 is s t r ikingly
different from that reported by Cude rioan , 1 ° ° Apparently,
these disc r e p a n c i e s  have never been resolved.
Ion-peir formation In H+ 0 a col l i s i o n s  has been attri*
0 1 9 3buted to a crossing between the potential e n e r g y  s u r ­
faces c o r r e s p o n d i n g  to the covalent (M+ 0 Z ) and Ionic
states of the systems. C a l c u l a t i o n s  for the K+Oj
10 2
system indicate that this crossing occurs at atom-
molecule separations b e t w e e n  1.5 and 4.5 A, d e p e n d e n t  on
the o r i e n t a t i o n  of the 0 2 molecule. In addition to lon-
palr formation, pro d u c t i o n  of free electrons has also been 
9 5 9 7o b s e r v e d  In collisions of K with 0 2 . These free
ft 5electrons are presumably due to i u C o d e t a c h m e n t  of v i b r a ­
tional ly - exc i t ed O j ' O h A )  which is p r o d u c e d  In the c o l l i ­
sion. It will be suggested below that this same m e c h a n i s m  
may be relevant to the electron det a c h m e n t  p r o c e s s  in 
K ' + 0 Z collisions.
The present measurements of p, (E) and ^ { E )  for K " + Q 2 
and Na'+Oj are shown In Fig. 26. Data for the C s ~ + O z 
system is p r e s e n t e d  In Fig. 27. In these plots, all o w a n c e  
has be e n  made for the p r e v 1 o u s l y -d 1 s e u s s ed c o n t a m i n a t i o n  
of the e l e c t r o n  signal by alow Ions; as discussed below.
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Figure 26: Measurement* of the total c r o n  section for
e l e c t r o n  detachment e,(E) art shown In (a) as a function of 
relative collision energy for K " {filled circlet) and Ha' 
(open circles) striking 0 ( , Measurements of (E) are shown 
in (b) .
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Figure 27: Me asurements of o,(E) and o 1 (E) are shown as a
function of relative collision energy for an 0 2 target. 
Cross sections for electron detachment of Cs" are shown In
(a); cross sections for charge transfer are presented In
(b) for both C s '  (filled circles) and K" (open circles). 
Lines have been added to guide the eye.
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It l a  believed that the dominant i o n - p r o d u c i n g  c hannel Is 
charge transfer, via, , M " + Oj -* H + 0 Z ' . Since very 
little momentum is transferred by the electron, the 
angular distribution of product O a should be a p p r o x i ­
ma t e l y  isotropic in the lab frame. In this case, one may 
assume that F, the fraction of slow Ions w h i c h  are i n ­
cluded In the e l ectron current measurement, is independent 
of c o l lision energy and is det e r m i n e d  by the g e o m e t r y  of 
the collision chamber. The value of F in eqns. (3,9) and
(3.10) is taken5 ° to be 20%.
It should be noted that a process other than colli- 
sional detachment may contribute to the cross s e c t i o n  
meas u r e m e n t s  shown in Figs. 26(a) and 27(a). C h a n n e l s  
which produce free electrons are
M' + 0 3 - K + 0 , + e and < 5 .B)
H' + 0i - M + Oj " (i/r fc4) ^ H + OjCw'') + e. (5.9)
If any 0a - is formed in a v i b r a t i o n a 1 l y -e x c i t e d  state with
v ' £4 , it will a u t o d e t a c h  (with a lifetime of 1 0 " 10 s) to
give a free e l e c t r o n ,10 3 Vibrational e x c i t a t i o n  in 
nega t i v e - l o n  - molecule c o l lisions has be e n  o b s e r v e d , 10* 
and vibrational exc i t a t i o n  of 0 2 in H ~ + 0 2 c o l l i s i o n s  has 
been explained in terms of a transient 0 a ' state.
The r e f o r e  it seems likely that <5-9) c o n t r i b u t e s  s i g n i f i ­
ca n t l y  to o ( E ) . An analogous process has b e e n  invoked to 
account for the p r o d u c t i o n  of free e l e c t r o n s  in M + 0 2 
c o l l i s i o n s . Bi
Values of p a (E} for the tfa" and K" projectiles are 
plotted In Fig. 26(b) as a function of relative collision 
energy. Corresponding measurements for Cs' are shown In 
Fig, 27(b). Perhaps the most striking feature of these 
data is the relatively large value of Oj(E) at low e n e r ­
gies. Only two processes are expected to contribute most 
of these slow negative ions;
H ' + 0 2 H +■ 0a ’(i^'£3) (5.10)
and + 0 2 -» M + 0 + 0' . (5.11)
Since the ground state (X 3 Z ‘t ) of 0 a is nearly resonant
in e n e r g y 10 6 with the v 1 br a 1 1 onal 1 y - exc 1 1 e d i>'-3 (X *11^)
state of 0 a ", process (5,10) is endoergic by about 0.5 eV
(i.e., the electron affinity of M). In contrast, channel
(5.11) is endoergic by approximately 4,1 e V , Therefore,
the Ions which are pr o d u c e d  for collision energies below
4.1 eV are due exclusively to charge transfer. fiote that
this low-energy regime contains the maximum values of
OjtE). Even at greater energies, there is some evident?
to support the view that most of the slow ions observed
are 0 a *; studies of negative Ion production in K-Qj colli- 
0 6 6 0slons indicate ' that at these energies, the cross 
section for O' production Is on order of magnitude smaller 
than that for 0 2 production. Thus, it is plausible that 
(E) is predominantly due to CT at the c o llision energies 
of this study. This v i e w  serves as the basis for the 
assumption that most of the slow negative Ions produced in
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these collisions are scattered iso t r o p i c a 1 1 y  In the lab 
f r s n e .
JL ££3
Kiasurentcti of tra < E ) and o 1 (E) have been made for 
the C s ' projectile only; the data are presented In Fig.
28. The general features of these cross section m e a s u r e ­
ments are similar to those obtained in the case of the 0 2 
target. Corrections for the contribution of Ions to the 
measured o t (E) have been made in the same manner used for 
the 0 2 target. For energies greater than approximately 25 
eV, a,(E) is essentially constant, having a value of about 
25 k *  .
The S0 t ’ Ion Is wel l - k n o w n  and is observed1 ° 7 1° B to
have an electron affinity of 1.10 e V , so the reaction Cs"
+ S02 ■+ Cs + SOj " is exothermic. The observed shape of 
o l (E) Is consistent with such an exothermic process; given 
the absence of other characteristic structure In er^E), 
n o n -d 1s s o c 1 at 1ve charge transfer is presumed to be the 
dominant exit channel in this energy range.
L  ££3
Measurements of o,(E) for collisions of H", N a ‘ , K", 
and Cs' with C0Z are shown in Fig. 29 as a function of 
relative collision energy. The results for H' on C0a have 
been reported p r e viously 31 and are presented here to I l l u ­
strate the similarities In the shape of u,(E) among anions
96
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Figure 2B; Totil cross sections for d e t a c h m e n t  (open 
circles) and CT (filled circles) are p r e s e n t e d  for colli* 
slons of Cs' with S0a .
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Figure 29: Me acurernents of o.(E) are shown for H" (open 
triangles), Ha' (filled triangles), K* (open circles), and 
C s ' (filled circles) striking C 0 a . A dashed line has been 
added to guide the eye.
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with two outer s-llke electrons. As is clear in the 
figure, the energy dependence of oa (E) for each system 
exhibits two distinct features, suggesting that electron 
detachment occurs by t w o  separate mechanisms. At low 
energies (i.e., E < 15 eV), o^(E) exhibits a w e l l - d e f i n e d  
maximum. The value of <rt {E) at this maximum increases 
with increasing projectile mass, and each maximum occurs 
at approximately the s a m e  collision energy. This low 
energy feature Is tiot observed for projectile negative 
ions with valent p - e l e c t r o n s H t  and therefore seems to be 
characteristic of negative ions whose outer e l e ctrons have 
a predominantly s-like character. As the c o l l i s i o n  energy 
is Increased above 15 eV, the value of o f (E) becomes 
approximately independent of energy. At 150 eV (not 
shown), the cross sections are approximately 5 A 2 for H',
7 A 2 for ha", and 14 A 2 for . This behavior Is c h a r ­
acteristic of direct detachment [eqn. (5.1)], and may be 
the result of a c u r v e -c r o s e i n g . It is Interesting to try 
to characterize the first process, w h i c h  is responsible 
for the local maximum in o# (E).
The fact that the position of this local minimum is 
projectLle-independent suggests that this detachment p r o ­
cess may occur via a negative ion resonance state of the 
target. It should be noted that this mechanism has been 
invoked previously to explain electron detachment. In 
particular, Tuan et a J . 111 have o bserved that above 100 
eV, charge transfer to the COj " (2 Ilu ) shape resonance is
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an i n p o r t m t  mechanism for detachment Ln H' + C02 colli- 
ci o n s . One might be tempted to attribute the peak ln the 
present data to this same shape resonance, were It not for 
the fact that the reaction tt" + C0 a -* M + C O i '(zn u ) Is 
endoergic by several e V , In contrast, the present m e a s u r e ­
ments of for K* + COj Indicate a substantial cross
section (about 10 A 1 ) at 2 e V , Even after taking Into 
account Instrumental and doppler b r o a d e n i n g 1 1 * inherent to 
the experiment, the observed threshold (about 1.2 ev) is 
much lower than la necessary to access the J state.
There is, however, a metastable state of C 0 1 ‘(2A 1 ) which 
lies at a lower energy, This state (which has a 
lifetime113 of about 90 ps) is bent In its equilibrium 
geometry with a bond a n g l e 1 1 * of 135*; its e n e r g y 113 118 
lies below that of bent C02 (1A 1 ) and above that of the
CO* (*£* ) ground state. It is postulated that for E < 15
eV, electron detachment is mediated by charge transfer to 
this Detestable state of C D t ’ [eqn, {5.6}}. If
COa ’ (1 A l ) ions are formed ln the present experiments, they 
will predominantly autodetach to yield electrons.
Experimental and theoretical r e s u l t s 115,115,111 123
suggest that the energy of this state of C0 2 lies
approximately 0.7 eV above the ground state of C 0 ± . If 
the electron detachment of H* by C 0 2 were mediated by 
charge transfer to the J A t state of C02 *, then the e n e r ­
getic threshold for such a process would be in the n e i g h ­
borhood of 1.2 eV { i . e . , 0.7 eV + the EA of the alkali
100
metal). Indeed, the present results for p , (E) Indicate 
such a threshold, as evi d e n c e d  by the agreement of the 
data and a convoluted step - function cross section with 
a threshold of 1.2 e V . There is no other electron- 
pr o ducing channel (besides e l ectron detachment) which has 
such a low energetic threshold.
Studies of K+COj collisions s u g g e s t 115 that C 0 2 is 
the principal product negative Ion (rather than O ’ ) for 
collision energies under 8 e V . At higher energies, the 
relative yield of COj decreases significantly. If the 
same result is applicable to M ' + C 0 2 collisions, and if the 
detached electrons wh i c h  are observed at low energies are 
due to the a u t o d e tachment of C 0 2 ’ , then one should observe
a m aximum in o # (E), as ln Fig. 29.
Measurements of a i (E) for collisions of M* with C 0 ; 
are shown ln Fig. 30. The two important processes which 
produce negative Iona are
H' + CO, -* M + C O , ’ (E > 0.1 eV> (5.12)1 J Ifb
and M ’ + CO a -* H + 0" + CO. (5.13)
As Just discussed, low-energy collisions of K with C O z
yield more C D 2 ' than O', Above about 8 e V , the negative
ion p r o d u c t i o n  in neutral collisions is predominantly 
d u e 113 to dissociative ionization, v i z . ,  K + COa ■* K 4 + CO 
+ O * , It is not clear whether a similar type of behavior
is Involved In the present experiments; in any case, there
101
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Figure 30; Measurements of o t (E) are shown for Na' (filled 
circles), K~ (open circles), and Cs' (triangles) in c o l l i ­
sions with a C01 target. A line has been added to guide 
the e y e .
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is no structure in ^ ( E )  which night be helpful in i d e n t i ­
fying the product anions.
It nay itto surprising, given the 90 /** l i f e t i m e 113 
of COj (2A t ), thst there is no structure in ct^E) which
corresponds to the local minimum observed in a,(E). It Is
estimated in eqn, (S.12) that 0 a with laboratory kinetic 
energies greater thsn 0.1 *V will survive long enough to 
be detected by this apparatus; this estimate is based on a
lifetime of 90 p s  > Indeed, one might expect a significant
fraction of the metastable C 0 a to acquire h y p e r -t h e r a a 1 
kinetic energies during the collision and therefore to 
reach the detector before autodetaching. The absence of 
structure In a t (E) should not however be construed as 
evidence against the hypothesis that C 0 2 '(iA 1 ) states are 
formed ln these collisions. Several arguments can be made 
to explain the lack of structure In (^(E): firstly, if
these C0 £ '(2 A l ) states are formed ln v l b r a t 1o n s 1 l y - 
excited levels, then their lifetime will be shortened 
d r a m a t i c a l l y . 1 1 3 '111 In fact, C D Z * (1A 1 ) states have been
o bs e r v e d 110 with lifetimes as short as 30 jus. Metastable 
ions with such a short lifetime are not expected to yield 
a measurable signal. Secondly, since the proposed 
mechanism for formation of C02 " is charge - ex c h a n g e , it Is 
expected that little m o mentum will be transferred to the 
target. (The necessary bond angle is easily acquired; 
calculations s h o w 11" that the ground state potential 
energy surfaces of C 0 2 ( 1E +1 ) and C O a "(aAj) intersect for a
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geometry where the bond angle Is a p p r o x i m a t e 1y 150*. Given 
the relatively weak bending torque c o nstant,111 It seems 
plausible that even a glancing collision will excite the 
bending mode of C O a to the point where the bond angle 
approaches 150' at Its classical turning point of v i b r a ­
tion.] Finally, even if some Detestable C 0 2 ‘ do survive 
long enough to be detected as anions, the resulting s t r u c ­
ture ln o 1 (E) could be masked by the onset of 0 ‘ p r o d u c ­
tion .
 Hi Q.
Measurements of both o # (E) and o 4 {E) for the C s ’+NjD 
system are pre s e n t e d  in Fig. 31; measurements were not 
made for either Na" or K ' . The structure observed ln 
Fig. 31 1b significant; the sharp increase and eventual 
reduction in DCT Is mirrored by a sharp decrease and 
eventual enhancement of electron detachment. This i n t e r ­
dependence be t w e e n  ^ ( E )  and o,(E) suggests that these two 
competing product channels arise from a single transient 
state which is formed during the collision [as in eqns.
(5.6) and (5,7)];
Os' + N 2 D ■* Cs + N 20 ' ( v r ) -*■ Cs + NjO + e (5.14)
and
Cs' + N 20 -*■ Cs + N 20 ‘ (v '} - Cs + N z (vJ ') + a. (5.15)
Indeed, the sum of the two cross sections «f,(E) + ^ ( E )
(shown as a dashed line in Fig. 31) yields a curve which
lOit
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Figure 31: Total cross sections for electron detachment
(open circles) and DCT {filled circles) are shown as a 
function of relative collision energy for the Cs'+MjO 
system. The sum o < (E)+o1 (E) Is Indicated by a d a s h e d  line
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strongly resembles one produced by a eurv i - c r o s s l n g  to a 
single electronic state (see Chapter I V ) , Except for the 
slight (3%) fluctuation In the summed cross section near E 
- 15 eV, the cross section for formation of the transient 
state may be approximated by the model d e s cribed p r e ­
viously for energies up to 35 e V . The results of fitting 
e q n , (4 .0 ) to the o,(E) + o t (E) data for E 3 35 eV yield
R, - 3.4 A and V, - 0.71 eV,
The N 2 0 (X 1E * ) molecule Is Linear and asymmetric; it 
supports several negative Ion states, with the lowest- 
lying one (X * A ' ) In a bent geometry similar to that of 
COj' (aA 1 ) . 13 * This HjO- (X *A' ) S t a t e 1 1 * ' 1 1 e Ls stable 
(in Its ground vibrational level) with respect to both 
dissociation and autodetachment; Its adiabatic EA is 0,22 
± 0.1 eV. An MjO' (*E + ) resonance for the linear c o n f i g u ­
ration Lies at 2.3 eV above the ground state o f Nj 0 ; it 
has an autodetachment lifetime of a p p r o x imately 1 0 ' 1J sec 
and can d i s s o c i a t e 117 into + 0 " .  [This H j 0 ‘ (2£ + ) 
resonance therefore lies at too great an energy to be 
responsible for the structure in a + (E) observed near 
threshold in Fig, 31.} Studies of dissociative electron 
attachment (DA) to N 20 have s h o w n 11* ' 111 that O' is
produced via both the (X ZA') and the ( 2 X *  ) states of
12 0-
N 20'. In particular, Chantry studied the temperature
dependence of O' production via the H 2 0' (X aA J ) state and
found the cross section at its ma x i m u m  to be greatly 
enhanced (by a factor of more than 1000 at T - 1040 *K) by
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v i b r ational excitation of the N zO molecule. Chantry 
furthermore determined the appearance potential for DA to 
r o o m -temperature N 2 0 to be 0,15 ± 0.05 V. Wentworth et
1 a a
i l . reported this same threshold energy to be 0.45 ±
0.02 eV, and calculations made by Hopper et a J . 116
indicate a value of 0.40 eV.
In order to understand dissociative attachment to N.,0
and its possible implications for the present experiment,
potential energy curves for ground-state N2 0(X 1E+ ) and
Nj O' (X 2A' ) have been constructed from the potential
1 2 G
energy surfaces calculated by Hopper et m l .  Fig. 3 2
depicts the potential energy as a function of the s e p a r a ­
tion R(N-O) between the oxygen atom and the nearest 
nitrogen atom; the N-N separation is at its equilibrium 
value. The curves in Fig- 32 have been constructed by 
co n s idering the m 1n 1 m u m -energy path taken by the N z0 + e 
s y s t e m  as it changes from the (X 1E * ) configuration to the 
(X 2 A ’ ) state. Therefore y, the angle defined by N-N-0, 
changes from 180* at a separation R(N-0)-1.2 A (the e q u i ­
librium geometry for N 2 0) to 134* at R(N-0)-l,4 A (the 
equilibrium geometry for N 2 0 ~ ) .  The First few vibrational 
levels are shown for both s p e c i e s .1 1 ( ■115
It is evident In Fig. 32 that the potential surfaces 
intersect for -y-155* near R(N-0)-1.28 A, at an energy of 
app r o x i m a t e l y  0,75 eV. Assuming that charge transfer is 
most probable only ln the neighborhood of this crossing, 
then the resultant N z 0" will clearly either autodetach or
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Figure 32: Fotent ial energy curves for ground state N 20
(X!Z + ) and NjO" (X 2 A'>. These curves have been constructed 
from calculations of the potential energy surfaces by c o n ­
sidering the m I n 1 aura-energy pa t h  taken by the Nj+O+e system 
as It changes from the NjO+e c o n f i g u r a t i o n  to the N ; 0 ' c o n ­
figuration. The value of y  is shown for the m i n i m u m  energy 
configurations of N a 0 and NjO" as well as for the minimum- 
energy crossing, bu t  y is not an ordinate in this figure. 
Low-lying vibrational levels have been I n d i c a t e d  for both 
species .
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dissociate into + O'. (Stable NjO' will only be formed 
in collisions where there is a third body to carry away 
the excess energy.} The threshold energy for DA la equal 
to the difference ln energy between the crossing and the 
zero-polnt vibrational level of N a D, plus the iero-polnt
vibrational level of HjO' (at the crossing geometry).
1 2 &
Following Hopper et al., this latter quantity Is taken
to be equal to the zero-point energy of Nj (0.146 eV) , 
since at the crossing, the complex Is bound with respect 
to the N-N coordinate only. {The threshold quoted by 
Hopper at al. was derived using a slightly different value 
for the crossing, viz., 0.66 + 0.1 e V . ] Referring now to 
the vibrational levels shown in Fig, 32, it is evident 
that the Oil, 200, and 001 vibrational modes of H 20 are 
nearly degenerate with the crossing energy. Therefore, 
excitation of these (or higher) modes will facilitate the 
DA process. Thus, thle picture supports Chantry's c o n ­
clusion that the pronounced temperature dependence of the 
DA cross section is ln fact due to an enhancement of the 
process by vibrational excitation.
Returning now to a consideration of the C s ' + H 20 
system, the argument will now be made that v l b r a t i o n a 1 l y - 
excited Nj O'* (X *A' ) is formed in these collisions and 
that the observed structure in a t  (E) and a t (E) may be due 
to competition between the two product channels of this 
transient state. As noted above, the energetic threshold 
for v,(E) + Pt (E) (which Is assumed to be the cross sec-
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tion for the Formation of H 2 Q~*) Is estimated to be 0.7 
e V . Tbe difference between this threshold and the el e c ­
tron affinity of cesium (0.47 *V) 1b equal to 0.23 eV, 
which is nearly (within experimental error) the appearance 
potential for DA at room temperature as measured by 
C h a n t r y . 1 2 * It has been shown e 1 sewhsre 1 °* ' 1 C 5 that v i b r a ­
tional excitation of the target is very important in lon- 
molecule collisions; if the reasonable assumption Is made 
here that a fraction of the collision energy goes Into 
vibrational excitation of the NjO, then DCT should become 
more likely as the collision energy increases above t h r e s ­
hold. [Since the collision time at these energies la on 
the order of the vibrational period (1 0 *1* sec), the 
reactants are together long enough to allow vibrational 
excitation and subsequent charge transfer during a single 
collision.] In analogy with the observations of Chantry, 
as more available energy goes into vibrational excitation 
of the NjO, the p r o d u c t i o n  of D' should Increase d r a m a t i ­
cally. This effect is exactly what has been observed in 
measurements of o t (E) for the C s ' + N a0 system at energies 
be low 10 e V .
After the N aO"* haa been created, it will be unstable 
with respect to electron detachment as long as it remains 
in the shaded region shown in Fig. 32. Thus, charge 
transfer to a u t o d etaching H 2 0'*(X 2 A J ) [eqn. (5.14)] is 
presumed to be responsible for the observed electron 
detachment. A s s u m i n g  that the autodetachment lifetime
110
remains nearly constant, then detachment will become more 
likely as the dissociation time Increases. Classically, 
one expects that, as the negative Ion state la formed 
further up the repulsive curve, the time n e e d e d  for 
dissociation into Nj + 0' will increase. A c c o r d i n g  to 
this argument, the probability of a u t o d e t a c h n e n t  will 
therefore increase as the NjO"* la formed at h i g h e r  e n e r ­
gies. This effect may be used to explain the o b s e rvation 
In the present experiment that for E > 10 eV, the value of 
ot (E) starts to increase [accompanied by a c o r r e s p o n d i n g  
decrease In o i (E)]. Thus, the structure o b s e r v e d  In 
Fig. 31 may be interpreted as a result of the c o m p etition 
between the two exit channels (5.14) and (5.15).
iL___
Measured values of o t (E) and (E) for the methane 
target are presented ln Fig- 33 for Ha' and K' and in 
Fig. 34 for Cs'. Note that the thresholds for electron 
detachment as veil as those for ion p r o d u c t i o n  are s u b ­
stantially greater than ln the case of the other molecular 
targets (about 10 eV). As in the case of N a and CO, the 
simple c u r v e -crossing model is able to r e p r o d u c e  the 
observed o a (E): the results of fitting eqn. (4.8) to the
experimental data are shown as lines in Figs. 33(a) and 
34(a) and are given in Table 5. It is not k n o w n  what p r o ­
cesses contribute to a i (E) .
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Figure 33: Total cross sections for electron detachment of
K" (filled circles) and Na" (open circles) by C H 4 are shown 
In (a). The lines (dotted for K", solid for Na") indicate 
the results of fitting eqn. (A.8 ) to the data.
Measurements of a 1 {E) are shown in (b).
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Figure 34; M e a s u r e d  values of (a) o,(E} a n d  (b) F j (E) are 
shown for the Cs'+CH* system. The result of fitting 
eqn, (4.B) to o (E) is shown as a line in (a).
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Sulfur hexnfluorlde has been the eubject of several 
experlnental and theoretical studies, primarily due to its 
use as a g n  dielectric and aa an “e l e c t r o n  i c * v ( n g e r " . 1 3 1 
Values of the electron affinity (EA) are reported to be In 
the range 0,32 - 0,75 eV, as det e r m i n e d  from m e a s u r e ­
ments 132 15 5 of the threshold for the Ionization of alkali 
atoms in collisions with S F ft, L effert at a l .1 3 1 d e m o n ­
strate that the SFb formed In these collisions is stable 
with respect to a u t o d e t a c h m e n t , Llfshitz et a J . 1SB 
studied charge transfer in endothermlc negative-Ion 
reactions with SFs and reported an EA of 0.6 ± 0.1 e V ,
They suggest that the v a r i a t i o n  in the observed value of 
the EA m a y  be explained by the formation (in some r e a c ­
tions) of excited m o l e c u l a r  negative Ion states. It is 
also noteworthy that even at room temperature, the amount 
of Internal energy stored in SFe Is not insignificant:
13 2
Compton and Cooper estimate this internal energy to be
0.07 eV.
Studies of electron attachment to SF 6 Indicate that 
the cross section Is s t rongly dependent on the kinetic 
energy of the Incident electrons, with a m a x i m u m  value of 
520 A* near zero e n e r g y .137 The SFa "* p r o d u c e d  are meta- 
stable, with a lifetime (against autodetachment) as long 
as 500 f i s  . 1 3 * Metastable SFe '* can dissociate to yield 
SFj* and F~ anions; the obs e r v a t i o n  of a pronounced 
temperature dependence for the DA cross section suggests
1 1 A
that the branching ratios of the dissociating S F e ~* state 
depend upon the amount of vibrational excitation pie- 
s e n t . 1!t In addition, several shape r e s o n a n c e s 1 * 0 141 of 
5Fa have been located by both experiment and theory: they
lie at approximately 2.5 *V (al t )p 7.0 eV (tl u ), 11.9 eV 
(tJ( ) , and 27.0 (6t ) above the ground state of 5F e .
The present measurements of o b (E) and cr A < E ) for 
collisions of Cs~ with SF a are shown In Fig. 35. These 
data take Into account those ions which contaminate the 
detachment signal: the original, u n c o rrected data i n d i ­
cated that the ratio pa (E)/ 0 *(E) vis constant (well within 
experimental error) for the three lowest-energy data 
points. This ratio <12%) represents a reasonable value 
for F, the fraction of ions which are included In the 
measurement of the electronic current. The cross sections 
were therefore determined at every collision energy by 
assuming F-121 In e q n a . (3,9) and (3.10).
Referring to Fig. 35, there are two observations 
which should be noted about o 1 (E). First, the cross 
section is huge: it has a value of about 140 A 2 in the
region of 20 - 40 eV. Second, the reaction which produces 
those negative ions appears to be endothermlc. Although 
the EA of SF4 Is not known exactly, it Is clear from the 
preceding discussion that it is probably greater than the 
EA of cesium (0.47 eV). Therefore the reaction Cs' + SF6 
-* Cs +■ SF# ' should be exothermic and (assuming there is no 
energy barrier) should make a substantial contribution to
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Figure 35: Total cross sections for electron detachment
(open circles) and CT (filled circles) are shown as a 
function of relative collision energy for the Cs'+SFf
system.
life
(E) at ve r y  low c o l l i s i o n  energies, yielding a curve 
similar to that shown In Fig* 28. However, the o i (E) 
observed in Fig. 35 is con s i s t e n t  with an endothermic 
process, s u g g e s t i n g  that there nay be a barrier to charge 
transfer In C s " + S F B collision*. Since the d i s s o ciation 
limits1 *' for S F 5 *+F and S F 4 +F" lie at about 0,1 eV and
0.25 eV , resp e c t i v e l y ,  above the state of neutral S Fe ,
It is not clear w hether the negative ions produced In the 
present exp e r i m e n t s  are p r e d o m i n a n t l y  SF# ' , S F j ' , or F'.
One might note p a r e n t h e t i c a l l y  that for E > 2 e V , F" is 
the d o m i n a n t  anion p r o d u c e d  bo t h  by DA to SFe and by DCT 
in Cl' + S F # c o 1 1 i s 1 ons , 13e ‘ 1 * 3 suggesting that most of the 
product anions o b s e r v e d  in the present experiment* may be 
F' .
CHAPTER VI 
CONCLUSIONS
It was mentioned in Chapter I that the data presented 
in this work have applications in several areas of the 
physical sciences. Since one generally describes a p h y s i ­
cal process in terms of statistical ensembles, it is more 
practical to consider reaction rates rather than cross 
sections. For this reason, the connection between r e a c ­
tion rates and cross sections will now be made.
For collisions in which the projectile has a well- 
defined velocity v, the reaction rate a is d e f i n e d 1 * 6 as
«(v) — vu(v) (6 ,1 )
where o(v) is the cross section at that collision v e l o ­
city. Physical systems will obviously have a dis t r i b u t i o n  
of collision velocities; If the distribution is Kax- 
welllan, one can show th a t 147
*<T> - ir h^rr)1
where k is Boltzmann's constant, p  is the reduced mass of 
the reactants, E is the “ re l a t i v e ” collision energy, and T 
is the temperature.
11 7
11 e
In pri n c i p l e ,  rate constants for electron detachment
as ve i l  as the lon-molecule reactions discussed In Chapter
V can be d e t e r m i n e d  by applying (6,2) to the cross section
m e a s u r e m e n t s .  Due to the exponential factor In (6.2),
however, only the threshold region makes a significant
c o n t r i b u t i o n  to the reaction rate. Since It appears that
several of the atomic targets yield detachment cross
sections w h i c h  are small but non-sera even at very low
c o l l i s i o n  energies, It Is difficult to apply eqn. (6 .2 ) to
the p r e s e n t  M ~ + R  data. One system for which measurements
of a, (E) have be e n  made at very low energies Is K'+Ar.
U s i n g  the data shown In Fig, 12, the electron detachment
'20
rate at room temperature is estimated to be 4,1x10 
c m J/s, This estimate assumes that the cross section 
remains c o n s t a n t  for collision energies down to 0,3 e V , 
the e l e c t r o n  a f f i n i t y  of K. The values of *(T) for higher 
t e m p e r a t u r e s  are shown in Table 6 , For comparison, the 
d e t a c h m e n t  rates for H'+Ar are included in the T a b l e . 1* H 
In the case of those systems for which eqn. (4.6) 
d e s c r i b e s  the o b s e r v e d  o f (E), the Integration over c o l l i ­
sion e n e r g i e s  in (6 .2 ) yields
«(T> - R, > Y  ” » '11 . (6.3)
The atomic t argets which are belong to this category have 
such large v a l u e s  of V t that (6 .1 ) does not yield a s i g n i ­
ficant rate constant, For these atomic targets, the rate 
c o n s t a n t  has an upper limit of 10 10 cm3/s at room
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T A B L E  6
E l e c t r o n  detachment rates (In cm1 / * ) . estimated 
from equation (6,3).
Svs ten 1 2 P 0 0 -LK 4000 *JL 6000 *K 1 0 0 0 0  *K
t K '+Ar | 2 .3x10 * 13 1 . 1 x 10 12 I .7x10' 1 2 2 .6 x 1 0  17
tji +Ar | 2 .1 x 1 0 ' 13 1 .2 x 1 0 * 12 1 .0 x 1 0 " 11 6 . 7 x 1 0 * 11
t t H "+Hj | 4 . 6 x 1 0 " 1 2 2 .5x10 11
t T H ' + D 2 | 4 . 2 x 1 0 * 12 2 . 3 x 1 0 " 11
N a "+ H 2 I I .2x 1 0 ' 2 J 4. 6 x 1 0 ' 17 7 . B x l O " 11 5. 2 x 1 0 ' 13
Kfl'+D2 | 5.4x10 15 7.Bxl 0 ' 16 2 .1 x 1 0 15 2 .0 x 1 0 “ 13
Na ' + N a j 4 . 1x l 0 22 2 .7x10 " 16 2, 5x10* L* 1 .1 x 1 0 " 12
Na'+CO j 4 . 9 x 1 0 ' 20 3.3x10 * 15 I .B x l O * 13 4 . 2 x 1 0 " J 2
N s ‘+ C H t | - - - 5 . 3x10* 1 B 9 . 5 x 1 0 ' 21 1 , 7 x 1 0 " 1B
K +Da | 5. 7 x 1 0 ' 16 2 .6x 1 0 * 21 5. 1 x 1 0 " 1 * 1 . 5 x 1 0 " 13
K' + N 2 | 6 .6 x 1 0 ' 1 * 4 . 7 x 1 0 ' 13 4 , 6 x 1 0 " 12 3. 2 x 1 0 " 11
K + C O  } 6 ,4x10 ' 11 1 .5x10 * 13 2 ,1 x 1 0 " 12 2 .0 x 1 0 * 11
K + C H t | 3 . 1 x 1 0 ' 16 1 .0 x 1 0 " 2 * 7.5 x l 0 ' 2 ° 6 .6 x 1 0 “ 1B
Cs ' + H a | 2 3 x 1 0 ' 1 9 9. Bxl 0 " 1 3 3 . 7 x 1 0 " 15 7 . 5 x 1 0 * 12
Cs'+CO j 6 ,0 x 1 0 ' 17 1 .5x10* 1 1 2 .3 x 1 0 " 12 2 .1 x 1 0 ' 11
Cs'+CH, I 1 .9x10 " 3 * 2. 4 x 1 0 ' 2 2 2 , 7 X 1 0 * 16 5 . 4 x 1 0 " 11
^ E s t i m a t e d  from equation (6.2).
ttTaken from R e ference 149.
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temperature. The molecular targets tend to have much 
smaller values of V a , so aqn. (6.3) can be applied to the 
o,{E) data for these systems. The estimated el e c t r o n  
detachment rates are presented In Table 6 . Note that the 
rates for detachment of H" by H a and D2 are also shown.
It should be pointed out that relations (6.2) and 
(6.3) assume that the reaction takes place In a t h e r m o ­
dynamic equilibrium. The binary collisions which are 
studied In the present work are clearly not equilibrium 
systems: In the case of the molecular targets, the t r a n s ­
lational and Internal energies of the reactant are 
obviously not equal, so the e q u i p a r t 1 tion criterion is not 
met. It is not clear how one might relate the cross s e c ­
tion m e a s u rements for the molecular targets into rate 
constant which are baaed on the concept of thermodynamic 
equilibrium. A similar pro b l e m  exists In th« d e t e r m i n a ­
tion of rate constants with drift-tube e x p e r i m e n t s .1 5 0 In 
general, reaction rates wh i c h  are determined by these two 
techniques will differ by several orders of m a g n i t u d e ,151 
Therefore, the actual rate constants may not agree with 
those shown in Table 6 . Nonetheless, the a p p l ication of 
(6 .2 ) to the present data is not without merit, since the 
reaction rate for a particular process may be unavailable 
from other sources.
It was demonstrated in Chapter IV that the m e a s u r e ­
ments of o.(E) for the H'+R systems are quite different 
from what has been observed in H"+R collisions, and It was
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m e n t i o n e d  that these differences nay be attributed to the 
e l e c t r o n  correlations described In Chapter II. This point 
needs further elaboration.
Why are the M' so stable with respect to collisional 
det a c h m e n t  by rare-gas atona? According to the c u r v e ■ 
c r o s s i n g  model discussed in Chapter IV, electron d e t a c h ­
ment will not occur as long as the energy of the negative 
Ion state is less than the energy of any state In the 
c o n t i n u u m  which represents the neutral system. The H' 
c learly have some feature, lacking In H " , which tends to 
ke e p  the potential energy of the negative ion state low.
It was noted In Chapter II that the electron correlation 
in H' Is primarily radial in character. This electron 
c o r r e l a t i o n  corresponds to the well-known “spl 1 1 -she 1 1 " 
(Isis') d e s c r i p t i o n 1 52 of H ' . On the other hand, c a l c u l a ­
tions of the w a v e f u n c t 1ons for the M" Indicate that the 
a n g u l a r  correlation between the valence electrons la
significant, leading to a localisation of the two elec-
2 ^
trons on opposite aides of the nucleus. One can Imagine
Chat during a collision, these localized electrons m i n i ­
mize the energy by re-arrenglng themselves In a fashion 
w h i c h  is analogous to the bending of a trlatomlc molecule 
(recall the discussion in Chapter I I ) . In contrast, the 
spherical electron orbitals of the H' lack this degree of 
freedom and so are unable to maintain a low energy In the 
presence of a target atom. Thus, the crossings between 
the H'+R and H+R states tend to occur at larger Inter-
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n uclear separations than In the case of the M ‘ p r o j e c ­
tiles .
It has been shown that the observed b e h a v i o r  of o ( (E) 
can be reproduced by a simple model for several M ' + R  
systems. Equation (4,ft), which has be e n  used to determine 
the positions of the curve-croaslngs , a s s u m e s  that the 
p r o b a b i l i t y  for detachment Is unity at Che crossing. The 
agreement between the coordinates (R1 ,VJ[) o b tained from 
the Nii'+He data a n d  the calculated p o s i t i o n  of c r o s s i n g  B 
(see Fig. 11) for the Na+Ne system suggests that this 
a s s u m p t i o n  la a go o d  one In some cases. One system for 
which eqn. (4.8) Is probably not valid la Na'+He (see 
Table 3) . For cases where the detachment p r o b a b i l i t y  Is 
not close to unity, the values of R, p r e d i c t e d  from (4.8) 
represent lover limits.
In the case of the atomic targets, there a p p e a r s  to 
be another electron detachment mechanism, which Is o p e r a ­
tive at low col l i s i o n  energies. D e t a c h m e n t  at ene r g i e s  
well b e l o w  V t is attributed to a coupling b e t w e e n  the 
negative ion state and the neutral gr o u n d  state of the 
system. This c o u p l i n g  is a result of the pr o x i m i t y  of the 
potential energy curves which represent the two states 
(see Fig, 11). It was pointed out In C h a p t e r  IV that such 
a "dynamical coupling" has be e n  invoked to explain the 
obse r v a t i o n  in the corresponding neutral expe r i m e n t s  of 
a 1 k a 11 -m e t a 1 atom excitation at low c o l l i s i o n  e n e r g i e s .71
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The present me a s ur etien t a of p b (E) and u 1 (E) for M ’+XY 
collisions are similar In many respects to previous 
measurements for the H'+XY i y i t « s s .i 1 , 1 4 1 Thus, the 
colllsional dynamics of M " and H " are presumed to be 
similar for the molecular targets, in c o n t r a d i stinction to 
what has been observed in the case of the rare-gas 
targets. There are, however, two observations which can 
be made for the electron detachment process in both the 
M'+R and M'+XY systems: firstly, the simple curve - crosslng
model reproduces the observed o,(E) for a number of 
mo l e c u l a r  targets as well as for several of the H'+R 
systems. Secondly, the observed thresholds for detachment 
in the K ' + N 2 and K'+CO systems correspond almost exactly 
with the observed thresholds for (4p) excitation of 
pot a s s i u m  in neutral K + N a and K+CO collisions, suggesting 
that excited states of potassium may play a significant 
role in the detachment process for these systems. A 
similar result is postulated for the K'+R systems, where 
it appears that detachment may be mediated by an excited 
state of the atomic target.
Charge transfer has been shown to be an important 
channel in the case of the molecular targets; values of 
o, (E) are particularly large for 0 2 , SDa , and 5 F a . E v i ­
dence has been presented suggesting that electron d e t a c h ­
ment in M * + C O a collisions is partly mediated by charge 
transfer to metastable CO J '(aA 1 ). Additionally, the p r o ­
nounced structures in both o a (E) and o t (E) for the N 20
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target are attributed to the formation of a transient 
Na O'*(X 3 A '  ) s t a t e .
There are three experiments which would be particu­
larly Interesting to perform on these systems. The 
explanation In Chapter IV of the electron detachment 
process for the H'+R systems involves a transition to the 
H + R* state. This excited state eventually decays, r e ­
leasing an ultraviolet photon. Thus it would be inter­
esting to look for Light produced In these collisions, in 
order to confirm the hypothesis of Chapter IV. Likewise, 
a study of the kinetic energy of the detached electrons 
coming from the C 0 a and K a0 targets would either confirm 
or disprove the proposal that detachment occurs via a 
negative Ion state of these molecules. Finally, it would 
be useful to study the dependence of a, (E) and c t(E) on 
the Initial vibrational state of the target. This study 
could be accomplished either hy direct h eating or by 
optical pumping using a tunable Laser.
What has been shown In this work is that measurements 
of the cross section for electron detachment and negative 
ion production can be used to make inferences about the 
colllsicnal dynamics of these systems. It la clear that 
these conceptually simple experiments provide a wealth of 
information about low-energy collisions of the alkall- 
metal anions with atonic and molecular targets.
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